A Novel Photocatalytic Plasma Reactor for Reforming of Waste Gases by Capp, S. C.
 
A NOVEL PHOTOCATALYTIC PLASMA 



















A Novel Photocatalytic Plasma Reactor for 
Reforming of Waste Gases 
 
SAMUEL CHARLES CAPP 
 
A thesis submitted in partial fulfilment of the 
requirements of Manchester Metropolitan 
University for the degree of Doctor of 
Philosophy 
 
Department of Engineering  









Firstly, I would like to thank my supervisors Dr. Zaenab Abd-Allah and Dr David Sawtell for their 
continuous support and patience throughout the whole 4 years, it would not have been possible without 
your expertise and dedication. Also, thank you for giving me the opportunity to work with you on this 
research, I am very grateful. Secondly, I would like to thank Professor Peter Kelly for his help, guidance 
and welcoming me into the surface engineering laboratory. 
Personally, I would like to thank all the technicians at Manchester Metropolitan University, in particular 
Dr. Gary Miller and Mrs Hayley Andrews for their help and time with the analytical equipment, your 
tireless efforts never go unnoticed. 
A huge thanks also go to the whole surface engineering group from 2016-2020; Justyna, Adele, Marina, 
Brice, Tiziana and Glen, teamwork makes the dream work. 
As mentioned previously having a great team to support and help you is paramount to achieve your 
goals. Fellow PhD students within the university were always there to help, whether technically or 
socially, therefore, a huge thank you to Matt, Isablella, Hadi, AJ, Antoine, Niall and Dave. 
Finally, a huge thanks to all my family and friends for baring with me and advising me throughout the 
whole 4 years. 
  




Non-thermal plasma (NTP) is an area of research that is receiving ever more attention. The unique 
properties of NTP make it useful in many applications. One such application is combining NTP with 
catalysts known as plasma catalysis. Plasma catalysis can allow chemical reactions to occur at 
temperatures otherwise insufficient when using catalysts alone. A specific type of catalyst was 
employed termed photocatalysts. This is due to their unique property by which they can be activated by 
ultraviolet light or even visible light, both of which are naturally produced by plasma. This has the 
ability to further enhance the synergistic effect of NTP and catalyst. Therefore, investigation into the 
effects of combining photocatalysts and NTP plasma was studied. The research focused on using a 
physical deposition technique, magnetron sputtering, to introduce the photocatalysts in a novel way, 
into the NTP reactor for plasma catalysis. Specifically, the photocatalytic coatings were produced on 
dielectric particulates which are used within the NTP reactor. 
Titanium dioxide based photocatalytic coatings, produced by magnetron sputtering onto particulates, 
were characterised by various characterisation techniques such as Raman spectroscopy, scanning 
electron microscopy and X-ray photoelectron microscopy and subsequently tested for photocatalytic 
activity through methylene blue degradation, which is a common method to determine photocatalytic 
activity, and showed an increase in degradation of methylene blue by up to 12.5 times. In order to 
understand the mechanisms involved between photocatalytic coatings and NTP, their effect on the 
reforming of oxygen and nitrogen gas mixtures and the dry reforming of methane was investigated. The 
presence of titanium dioxide was observed to affect the plasma chemistry in the NTP by acting as a sink 
for atomic oxygen, through photocatalytic formation of superoxide anion radical (O2-), and alteration 
of the dielectric constant of the dielectric particulates. The titanium dioxide coatings had a significant 
effect on the oxygen and nitrogen plasma chemistry, it was measured that the coatings enhanced ozone 
production by up to 80 times for a residence time of 0.011 s and up to 10 times for 0.0037 s compared 
to without any coatings and significantly decreased the formation of harmful nitrogen dioxide (NO2) 
and nitrous oxide (N2O) at a residence time of 0.011 s. In the dry reforming of methane experiments, it 
was found that the photocatalytic coatings enhanced the conversion of methane by 1.6 times and 
enhanced the conversion of CO2 by 1.35 times. However, it was also observed that some photocatalysts, 
such as the tungsten doped titanium dioxide coatings can reduce the performance by effecting the 
plasma discharge. 
The finding of this study shows that with careful understanding of the plasma-photocatalyst surface 
interaction, chemical processes could be tailored towards improving the production of desired product 
and limiting the formation of undesired by-products. Moreover, the photocatalysts produced by 
magnetron sputtering can enhance the surface interaction between plasma and photocatalysts with 
minimal disturbance to gas flow. 
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Chapter 1 – Introduction to the premise behind the research, a background to the scope and content of 
the research and a list of research aims and objectives.  This includes, but not limited to, a background 
information of the fourth state of matter, plasma, how it is generated and its treatment of waste gases. 
An introduction to photocatalysis and its combination with plasma and the methods/production of 
photocatalysts for use in this research. 
Chapter 2 –Chapter 2 compromises of the methods used in this research varying from, materials 
production, using magnetron sputtering, materials characterisation including crystallinity, surface area 
and stoichiometry, experimental technique for evaluating the photocatalytic activity of deposited 
photocatalytic coatings, the design and operation of the dielectric barrier discharge closed system and 
power supply for the generation of non-thermal plasma used for the treatment of waste gases and the 
post processing of data obtained.  
Chapter 3 – Deposition and optimisation of photocatalytic coatings using the physical vapour 
deposition technique, magnetron sputtering, onto glass particulates for evaluating photocatalytic 
activity of different coatings as prior optimisation of catalysts before implementing them into the 
dielectric barrier discharge used in consequential research regarding the treatment of waste gases. 
Chapter 4 – Effect of developed photocatalysts coated onto dielectric particulates in the production of 
ozone from an oxygen and nitrogen gas mixture. The effects of these photocatalytic coatings on the 
plasma chemistry was investigated. 
Chapter 5 – Effect of developed photocatalysts coated onto dielectric particulates in the remediation 
of methane and carbon dioxide. In this chapter the effects on the plasma chemistry and energy efficiency 
using different coated packing material compared to uncoated packing material was investigated along 
with the production of carbon monoxide. 
Chapter 6 – Summary and conclusion of the work presented in this thesis and a description of further 
work to be carried out relating to this research. 
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In Chapter 1 an introduction to the fundamental reasoning and theory of non-thermal plasma reforming, 
photocatalysis and plasma catalysis is provided to give the reader an understanding to interpret the 
methodology, results and discussion of this report. The motivation and aims are explained to define the 
scope of the research and outline the importance and relevance to human knowledge. It begins with an 
introduction to the motivation behind the research followed by an outline of the current ways of 
producing hydrogen and syngas. Subsequently an introduction to plasma as an ionised gas, the different 
types of plasma, their properties, their usefulness and how it can be generated in the laboratory using 
several different methods including the method to generate plasma in this body of research. These 
methods are then characterised and reviewed according to literature and industry.  Furthermore, the 
phenomenon of photocatalysis is explained to the reader, along with the interaction between 
photocatalysis and non-thermal plasma. It follows on with an introduction to photocatalysis preparation 
methods. Finally, an overview on how the photocatalysts were produced and coated through the 
physical vapour deposition technique named magnetron sputtering. 
  




The primary aim of this research was to further understand the role photocatalysts can play when 
combined with non-thermal plasma. At present there is still a gap in knowledge of the interaction 
between photocatalysts and non-thermal plasma. Part of this research was to gain more understanding 
of the interaction of the combination of photocatalysts and non-thermal plasma whilst trying to achieve 
a synergistic effect of them both. Non-thermal plasma and photocatalysts can change an undesirable 
reactant into a more valuable product, usually through treating waste gases. In this research the effect 
of photocatalyst and plasma on the effect of the production of ozone from a nitrogen-oxygen mix and 
the reforming of methane and carbon dioxide was investigated. The method of producing the catalyst 
for plasma catalysis was carried out through magnetron sputtering. This way of introducing the catalysts 
has not been investigated in this area of research. The desired advantage is that the catalyst can be in 
direct contact with the plasma whilst not being obstructive to the process and allow chemical reactions 
that would not be possible if using catalyst or plasma alone. 
All work in this thesis was undertaken in the John Dalton Science and Engineering building at 
Manchester Metropolitan University as part of a project titled ‘A Novel Photocatalytic Plasma Reactor 
for Reforming of Waste Gases’. The project was funded by the Faculty of Science and Engineering at 
Manchester Metropolitan University. Part of this work was carried out in the Manchester Fuel Cell 
Innovation Centre part funded by the European Union. 
The next section describes the background to the project, the premise and reasons why this work was 
initiated. It also describes the aims, general and specific, of the project. 
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1.1.1 Background and motivation 
The demand for energy has increased from 1990 to 2015 by 60% from 346408 petajoules to 551688 
petajoules [1]. The sources from which electrical energy have been obtained varies from region to 
region and has changed over time. In quarter one 2017 the United Kingdom obtained its electricity in 
the form of; gas 39.9 %, nuclear 18.9 %, renewables 26.6 %, coal 11.3 % and oil & other at 3.3 % [2]. 
Countries such as the United Kingdom face an energy trilemma which requires balancing energy 
security, energy costs and environmental impact. The environmental impact on our planet is one of the 
most imperative challenges that humankind faces. Carbon dioxide released by human activity traps 
infrared radiation within the atmosphere accelerating global warming. Global carbon emissions 
equivalent from the energy sector stood at 32.1 gigatonnes in 2016 [3]. Since 1958 the amount of carbon 
dioxide carbon dioxide in the earth’s atmosphere was averaged at about 315 ppmv, worryingly the 
concentration of carbon dioxide as of 2017 is 407 ppmv [4] and as of May 2020 the carbon dioxide 
concentration reached 417 ppmv [5]. The increase in methane, carbon dioxide and nitrogen dioxide in 
the atmosphere is 7 %, 13 % and 6 % respectively in from 1958 to 2017 [6]. Countries around the world 
recognise the immediate need to protect our environment and are beginning to act. The Paris agreement 
in 2016 has been ratified by 147 countries and aims to hold the increase in average temperature to well 
below 2oC [7]. Therefore, the methods of energy production need to be reformed for a more 
environmentally sustainable future whilst remaining economically viable and secure. On top of this a 
more robust approach to what is released into the atmosphere and oceans should be more widely 
adopted. Consequently, countries must lower their greenhouse gas emissions and lessen their 
consumption of fossil fuels. Along with this, new technologies which can aid in contributing to a clean 
environment are of increasing importance. 
To achieve this, one of the immediate and important steps is to reduce the reliance on fossil fuels such 
as their use in common processes regardless of their position in the system e.g. for energy production 
or in chemical processing. The energy and chemical industry are one of the main users of fossil fuels 
and in turn require diversification of their processes. Emerging technologies such as hydrogen fuel cells 
and the improvement in the technology of renewable energy methods provide promise. Hydrogen fuel 
cells provide a one-step chemical to electrical energy process and can reach electrical efficiencies of 90 
% [8]. Another benefit of hydrogen fuel cells is that they produce no waste products. The basic 
components of a hydrogen fuel cell are an anode and a cathode with an electrolyte in-between [9]. The 
overall chemical reaction which occurs can be seen in [Eq. 1] [8]. Different approaches to obtaining 
chemicals for energy applications such as hydrogen are also being improved with constant innovation 
and research. Unlike other fuels such as oil, hydrogen has to be produced first before it can be used as 




O2 ↔ H2O ΔGf = -229kJmol
-1 [Eq. 1] 
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Alternative fuels such as biogas, biomass and syngas have received significant investment as a greener 
alternative to fossil fuels. Syngas also known as synthesis gas is primarily a mixture of hydrogen and 
carbon monoxide, although it can contain other gases such as methane, carbon dioxide and nitrogen. 
Syngas has received a great amount of attention as a direct fuel in combustion or as an intermediate 
product in the fuel and chemical industry. More than this syngas has applications in stationary power 
plants, in fact General Electric has led in the technology development of syngas gas turbine technology 
in the last 20 years. Up to 2007, general electric was operating gas turbines with a total capacity of more 
than 3 GW in 15 plants installed in USA, Canada, Singapore, Germany, Italy, The Netherlands, and 
Czech Republic [10]. 
Non-thermal plasma reactors (NTPs) are one such technology which can produce hydrogen or syngas, 
this can be done through the dry reforming of methane. Non-thermal plasma reactors only require a 
high voltage power supply from which can be powered by environmentally friendly methods. Research 
on obtaining the optimum conditions and setups of NTPs is required to overcome  obstacles such as 
cost per mass of product and product yield per unit time and be attractive to industry for certain 
processes. Optimising the design of the reactors, gas flow rates, dielectric material, catalysts, gas ratios 
and power parameters among others need to be looked at. Due to the unique property of non-thermal 
plasma emitting both light and UV light introducing photocatalysts into the reactor could allow for 
activation by the plasma, this can cause an enhancement in the yield of desirable products hence, energy 
efficiency can be increased. The effects of combining photocatalysts and plasma requires research to 
understand the mechanisms and interactions between the two. Photocatalysts can affect the plasma 
characteristics and similarly plasma can affect the photocatalyst. It has been stated that although it is 
true that plasma reactors can produce UV photons it is suggested that the photon flux is too low to make 
any significant contribution to the catalytic effect [11]. However in many research publications 
investigating the combination of non-thermal plasma and photocatalysis there have been positive effects 
[12-15], even so the role that photocatalysts play still requires thorough investigation. The introduction 
of catalysts into non-thermal dielectric barrier discharges within literature has been mainly carried out 
through direct addition of catalyst into the discharge zone [16, 17] or downline of the plasma [18, 19] 
but until recently has been inserted through coating components of the reactor through methods such as 
sol-gel or PCVD [14, 20].  
The use of magnetron sputtering, commonly used for photocatalyst deposition [21-24], has not been 
utilised for the introduction of catalysts in combination with non-thermal plasma. This unique and novel 
way of introducing photocatalysts to a non-thermal plasma dielectric barrier discharge setup will allow 
for the investigation into the effect of introducing photocatalytic materials in combination with non-
thermal plasma and provide an insight to the interaction of the two. It is hoped that introducing the 
photocatalyst in this way can benefit the photocatalyst by it being directly in the discharge zone whilst 
having limited negative effects on the plasma discharge. Magnetron sputtering offers many advantages 
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as a physical vapour deposition technique (PVD) technique such as the ability to coat metals, metal 
oxides and alloys. Coatings produced by this technique can be tailored by thickness, crystallinity, 
stoichiometry and structural characteristics. This means that the photocatalysts can be optimised for 
production and subsequent utilisation in combination with non-thermal plasma can be completed. Using 
this technique to introduce catalysts for combination with non-thermal plasma can enhance the energy 
efficiency, conversion and product yields from waste gases such as methane and carbon dioxide and 
can provide a clearer picture to the interaction of photocatalysts and non-thermal plasma. 
  




The aim is to investigate whether photocatalysts can improve the ability of atmospheric pressure plasma 
to convert waste gases into more valuable products. The aim is to also investigate whether magnetron 
sputtered photocatalytic coatings are an effective way to produce and incorporate the catalyst for the 
use in a non-thermal plasma dielectric barrier discharge. Finally, it is to open the door to using non-
thermal plasma reactors for use in industry as a green option to treat waste gases. 
1.1.3 Objectives  
The aim of this project will be achieved by the following objectives: 
Objective one: The design and build of a non-thermal packed bed plasma reactor to investigate the 
effect of photocatalysts on the production of ozone and syngas from waste gases. The reactor must have 
a suitable gas delivery system and be flexible to introduce photocatalysts with ease and efficiency. 
Objective two: Coating of photocatalytic materials such as titanium oxide, onto dielectric materials 
using the physical vapour deposition (PVD) technique magnetron sputtering. Optimise the coating 
parameters and techniques such as time of deposition, elemental composition, pre-treatment of samples 
and power conditions. 
Objective three: Characterisation of photocatalysts using several advanced analytical techniques such 
as Scanning Electron Microscopy (SEM), X-ray Powder Diffraction (XRD) and X-ray Photoelectron 
Spectroscopy (XRD) in order to identify the materials phase, the external morphology, chemical 
composition, crystalline structure and orientation, enabling the understanding of the performance of 
these materials in plasma catalysis processes. 
Objective four: Investigate the effect of photocatalysts addition on the plasma chemistry for the 
formation of ozone and hydrogen. Use analytical techniques such as Fourier Transform Infrared 
Spectroscopy (FTIR), to characterise the produced chemicals and in-situ Optical Emission 
Spectroscopy (OES) to analyse the active species within the plasma.  
Optimise the operating parameters, catalytic material and reactor design. Investigation into the effect of 
the applied power, gas residence time, molar ratio of feed gases, frequency, flow rate and packing 
volume.  
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1.2 Current processes for hydrogen and syngas production 
This section provides an overview of current methods of producing hydrogen and syngas in industry. 
1.2.1 Hydrogen 
Presently, 95 % of hydrogen is obtained through the burning of fossil fuels without carbon capture, 
defeating the objective of clean energy [25]. In principle hydrogen can be produced from any 
hydrocarbon source. At present steam reforming is by far the most common means of hydrogen 
production which require the use of fossil fuels. Steam reforming uses fossil fuels, normally in the form 
of natural gas to produce synthesis gas, a combination of hydrogen, carbon monoxide and carbon 
dioxide. Steam reforming involves the reaction of steam with natural gas, the reaction is endothermic 
and so an external heat source is needed. Normal operation requires the use of catalysts and temperatures 
in the range of 450 oC-950 oC are used for this process. As stated the major disadvantage of steam 
reforming is the use of  natural gas and the production of carbon dioxide, in fact for each mole of 
methane reformed more than one mole of carbon dioxide is produced [26]. Therefore, the way in which 
hydrogen is produced for utilisation needs to change in order for a hydrogen economy to become a 
clean source of energy. 
A potential hydrogen production method is plasma catalysis. Plasma catalysis can allow reactions to 
take place at lower energies than using plasma or catalyst alone [11]. Research on plasma catalysis has 
been conducted on numerous occasions supporting the fact that this can allow chemical reactions to 
occur at much lower temperatures and pressures. Nguyen et al. [27] found the combination of non-
thermal plasma (NTP) with zeolite catalysts improved the conversion of methane and carbon dioxide 
to 49.98 % and 52.15 % respectively from 17.98 % and 22.35 %. Another study by Mei et al. shows 
that the dissociation of carbon dioxide into carbon monoxide and oxygen and shows that the carbon 
dioxide conversion and energy efficiency were enhanced by up to 2.5 times with the addition of catalysts 
BaTiO3 and TiO2 [28]. 
1.2.2 Syngas 
Production of syngas is primarily done via the gasification method whereby organic and fossil fuel 
based carbonaceous materials are converted, usually requiring high temperatures in excess of 700oC, 
without combustion of the materials, in oxygen and/or steam. Gasification is a thermochemical process 
and can require complex equipment and skill to operate, more to this it is also rather expensive. 
Alternative techniques such as catalysis, photocatalysis and non-thermal plasma are promising 
techniques which could alleviate the complexity and cost of gasification. Catalytic reforming for syngas 
production mainly uses noble metal catalysts or nickel based catalysts. Using the catalytic method can 
produce conversions around 90 % [29]. However, disadvantages include high temperatures and 
deactivation of the catalysts. Photocatalysis is a promising way to generate syngas, as photocatalysis 
can be operated at a mild condition and with a lower energy input, however the syngas 
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generation efficiency is rather low. Plasma photocatalysis could provide a promising solution for syngas 
production. 
  




Plasma, the fourth state of matter, is defined as an ionised gas and is utilised in industry for various 
applications such as in fusion energy, water treatment, food storage and ventilation systems. In fact it 
is the most abundant form of matter in the universe occurring naturally in space such as in stars, nebulas 
and most things in-between. Plasma has a unique set of characteristics which can be harnessed in ways 
which can be beneficial to many processes.  Gas, which is not ionised, is in the state of thermal 
equilibrium and assumes the Boltzmann distribution over kinetic and potential energy with the average 
kinetic energy of a gaseous particle at room temperature being about 0.04 eV [30]. If gaseous particles 
are subjected to a strong enough electric field, electrons can be removed from their orbit, ionising the 
parent atom and leaving behind a positive ion. This ‘soup’ of negative electrons and positive ions, is 
plasma.  The charged particles then can interact with neutral particles and can cause further excitation 
and ionisation. Charged gaseous particles behave like a conductive media. Plasmas are generally 
neutral, in that in the body of the plasma there exists roughly equal numbers of negatively charged 
electrons and positively charged ions. Often this concept is called quasi neutrality [31]. Perturbations 
from this neutrality can occur within the plasma on a small scale, or at the edge of the plasma on a major 
scale. 
An ionised gas can be weakly or strongly ionised. The degree to which the plasma is ionised is a matter 
of discussion. The main properties which are unique to plasma are: 
• Response to magnetic fields. 
• Response to electrical fields. 
• Large number of high energy electron collisions. 
• High density of ionic species. 
Plasma is also made in the laboratory in order to provide benefits to many processes such as: 
• Nuclear fusion 
• Material and surface modification 
• Gas reforming 
• Deposition processes 
• Plasma cleaning 
• TVs 
• Lighting 
Plasma is normally split into two types due to the different properties they exhibit. These are ‘cold’ 
plasmas and ‘hot’ plasmas, often also termed non-thermal plasmas and thermal plasmas respectively. 
Thermal plasmas are in thermal equilibrium meaning that all plasma particles, electrons and ions, have 
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the same kinetic energy. Non-thermal plasma exists where the positive and negative ions are not in 
thermal equilibrium, in these plasmas electrons have highest temperature and kinetic energy. 
1.3.1 Thermal plasma 
Thermal plasma is produced using an excitation method such as direct current (DC), alternating current 
(AC), radio frequency or microwave and usually exists in the temperature range of 2000-20,000 K [32]. 
Thermal plasma exists in thermal equilibrium such that heavy particles, for example nuclei, are the 
same temperature as the electrons. These ‘hot’ plasmas exhibit a high energy density compared to ‘cold’ 
plasmas. 
Applications of thermal plasma include: 
• Metal melting and remelting. 
• Plasma cutting and welding. 
• Plasma in wire arc spraying. 
• Thermal plasma CVD. 
• Plasma waste treatment. 
• Fusion energy. 
1.3.2 Non-thermal plasma 
Non-thermal plasmas, often referred to as ‘cold’ plasmas are normally produced at low or atmospheric 
pressure where the bulk gas is close to room temperature. The supplied electrical field and 
corresponding field energy generates free electrons, these electrons accelerate in the electrical field and 
can in turn provoke new ionisations. In regards to waste gas treatment, the main focus of this research, 
the temperature of the bulk gas does not need to be high to easily produce chemically active species. In 
non-thermal plasma the temperature of the gas Tg is proportional to the mean discharge power density, 
P, and the average reduced energy density deposited into the gas, [Eq. 2], where V is the discharge 




 [Eq. 2] 
However, generating non-thermal plasma at atmospheric pressure, in comparison to high pressure, the 
electric field needs to be higher in order to cause a breakdown of the gas. This high electric field can 
lead to an arc. Arc plasmas are high current (30 A-30 kA), low voltage (10 V-100 V) discharges that 
can have very high gas temperatures (10,000-100,000 K). Arcs can cause evaporation and erosion of 
electrodes [34]. Furthermore, arcs are detrimental to syngas production. Other than arcs there are two 
main breakdowns mechanisms which occur in non-thermal plasma these are Townsend breakdown and 
streamer breakdown. The Townsend breakdown, also known as the electron avalanche, was first studied 
by Townsend in 1910. This describes the movement of electrons towards the anode, colliding with 
various molecules, in turn ionising them. This creates positive ions which move towards the cathode 
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colliding with molecules and ionising them also. The positive ions collide with the cathode producing 
secondary electrons [35]. Streamer breakdown theory was first developed by Raether, Loeb and Meek, 
this is represented in figure 1 [36-38]. This type of breakdown is often found in the DBD and lightening 
in the atmosphere. Streamer discharges are responsible for ozone generation, pollutant control and are 
useful in medical applications. In the case of a streamer, electrons travel towards the anode ionising 
molecules and leaving behind a cloud of positive ions. This leads to a build-up of space charge. Photons 
are produced with this and in turn, photoelectric ionisation occurs, this phenomenon is more intense 
near the cathode and anode. Some electrons are produced from the cathode, the amount is proportional 
to the proximity of the avalanche to the cathode. The effect of this is that at the intercept of the cathode 
and avalanche, electrons are produced which cause other avalanches. This  starts avalanches towards 
the space charge and electrons will stream into it [39].   
 
Figure 1 – Representation of a plasma streamer between anode and cathode. Adapted from [39]. 
 
1.4. Current dielectric barrier discharges used in research for gas 
treatment 
This section focuses on non-thermal plasma and its generation and its role in gas treatment. It gives an 
overview of the various methods of producing non-thermal plasma in the laboratory and gives an in-
depth description of the characteristics of each type of method. 
1.4.1 Types of non-thermal plasma discharge devices 
There are various methods of generating non-thermal plasma within a laboratory setting such as, the 
dielectric barrier discharge, corona discharge, surface discharge and using radio frequency or 
microwaves. Some principal approaches used in plasma science for the effective generation of 
atmospheric plasma are: 
• Using sharp electrodes for increased electric field strength. 
• Introducing dielectric material to limit the current transfer. 
• Preventing increased thermalisation using a pulsed electrical signal. 
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• Using high flow rates to increase heat transfer. 
Radio frequency and microwave discharges 
Plasma discharges can be created through providing energy by the means of electromagnetic waves 
such as radio frequency and microwave frequency. A unique property of plasma generated via this 
method is the way the plasma does not have to be in contact with any electrodes. The generation of the 
high frequency needed for this method usually requires complex systems. In the case of radio frequency 
plasmas for non-thermal operation, a coupling of the electromagnetic field to the plasma discharges is 
important in order to increase energy efficiency. Some advantages of microwave generated plasmas are 
its high energy efficiency, potential scaling up of the technology, and high density plasma [40]. 
Corona discharge reactor 
Corona discharges exist in several forms, depending on the polarity of the field and the electrode 
configurations. The corona discharge consists of an electrode in a point geometry which is surrounded 
by atmospheric air. A secondary plane electrode is present and the strong electric field between the two 
is the source of ionisation of the surrounding gas. The corona discharge can be generated by direct 
current, alternating current or pulsed direct current. The power input of a corona discharge is limited 
due to the ignition of a spark if the electric field is too high, using a pulsed signal is one way to increase 
the power before a spark transition could occur. The main type of discharge is in the form of a discharge 
streamer which can make it useful for pollutant removal [41]. The streamer corona is a relatively low 
temperature plasma with ion/neutral temperatures of the order of a few 100 K [42]. 
Gliding arc discharges 
Gliding arc discharges consist of two diverging electrodes which is accompanied by a laminar or 
turbulent gas flow passing through the electrode gap. The gliding discharges begin with a plasma 
column at the minimum distance between electrodes, as the gas carries on further downstream the 
discharge is pulled along by the gas flow as the electrode gap increases. The gliding discharge will 
reach a point where the electrode gap is too large and so the discharge will extinguish. The gliding arc 
is a transitional type of atmospheric pressure arc discharge. It can provide relatively high levels of 
electron density, current and power, typical for thermal plasmas, together with relatively low 
temperature and elevated electric field, typical for cold non-equilibrium plasmas [43]. The gas 
temperature in a gliding arc can be significantly higher than in other types of NTP, up to 10,000 K [44]. 
Similar to corona discharge, the gliding arc discharge can be produced using direct current, alternating 
current or pulsed direct current. 
Surface Discharge 
The surface discharge comprises of a dielectric material on the surface of an electrode with another 
partial electrode on top. This allows the surface discharge, consisting of a large number of mini 
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nanosecond pulse streamers starting at the edge of the discharge electrode and developing in the vicinity 
of the discharge surface [45]. 
Dielectric barrier discharges 
Dielectric barrier discharges (DBD) have been a useful device for generating non-thermal plasma since 
its discovery by W. Siemans in 1857 [46]. Characterised by insulating material in-between the current 
path of electrodes along with an air space, see figure 2, they offer many advantages when generating 
non-thermal plasma, such as: Atmospheric pressure operation, low cost, ease of scalability, and low 
power consumption. 
Dielectric barrier discharges are used in industry for different purposes. Common uses are ozone 
production, bacterial inactivation [47], Plasma enhanced chemical vapour deposition [48], pollutant 
removal [49] and gas reforming [27]. Dielectric material is employed in order to limit current flow and 
distributes the discharge almost uniformly over the entire discharge area to avoid spark or arc 
discharges. The dielectric barrier discharge requires an alternating current for successful operation due 
to the fact that the insulating dielectric cannot pass a DC current, however operation through pulsed DC 
is possible. The DBD usually generates gas temperatures in the order of a few 100 K. The dielectric 
constant of the material has a significant impact on the performance of a DBD, this is because the 
dielectric constant is inversely proportional to the breakdown voltage and this means the higher the 
dielectric constant of the material the lower the breakdown voltage. The relationship between 
breakdown voltage (VB) and dielectric constant of a parallel plate DBD is shown in the following 
equations, where k is the dielectric constant, A is the area of electrode, d is the thickness of the dielectric 












   VB is inversely proportional to k. 
  





Figure 2 – Typical planar DBD (left) and cylindrical DBD (right) 
Dielectric barrier discharges are commonly used in research studies due to their ability to ionise gases 
and produce plasma combined with their ease of construction and operation. The arrangements depend 
on various parameters such as, gas compositions and pressure, discharge configuration, the frequency 
of the applied voltage and field polarity [51]. Types of DBD are the parallel plate reactor, coaxial and 
packed bed reactor (PBR).  
Packed bed dielectric barrier discharges 
PBR’s are one of the most widely investigated plasma based devices for industrial gas reforming [52]. 
PBR’s are a type of dielectric barrier discharge where dielectric pellets or beads are ‘packed’ in between 
the electrodes within the air space. The common packing materials are barium titanate (BaTiO3) and 
aluminium oxide (Al2O3). The higher the dielectric constant of the material the lower the breakdown 
voltage, this is due to the effects that the dielectric constant has on the electric field produced around 
the contact points of the beads [53].  The higher electric field strength rises to less power being used in 
order to produce the same energy density in the plasma discharges.  
Packed bed packing materials 
The size of the packing material and the gap between the electrodes has an effect on the plasma 
properties and therefore the desired process. Many investigations have been published on the effect of 
the packing materials geometry on DBD properties Montoro-Damas et al 2015, found that the smaller 
the particles size the higher the breakdown voltage and higher the occurrence of partial discharging. 
This causes a decrease in the fraction of the reactor where plasma formation occurs and is caused by 
insufficient local electric field strength [52]. However, the smaller the particle size the larger the surface 
area for catalysis to occur, increased number density of contact points and improved gas-plasma 
contacting [54], Reducing particle size can also change the nature of the discharge and increase the 
pressure drop within the reactor Ergun et al 1949, found that the pressure drop is effected by the 
particulate sizes and void fraction [55]. Furthermore, the larger the particle size the lower the breakdown 
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voltage which can lead to greater power efficiencies. Not only does the particle size matter, the 
geometry of the packing material can have an effect on the discharge characteristics [56]. 
Electrical characteristics 
In order for a DBD to operate, an electrical circuit must be in place requiring a high voltage and an 
alternating current. An electrical discharge occurs in the air space when a high enough potential 
difference is present from one electrode to the other, this critical potential difference is also known as 
the breakdown voltage. At or above the breakdown voltage, free electrons, generated due to the applied 
electric field, accumulate in front of the anode, leaving behind a positive space charge of ions. Once 
this local electric field produced by the space charges is high enough, a streamer occurs, usually moving 
form anode to cathode. As a result, charge builds up on the dielectric surface reducing the electric field 
and extinguishing any further discharges, until reversal of the AC current. The electric discharge 
occurring in a DBD is terminated at the surface of the dielectrics. During each cycle of alternating 
voltage there are two plasma discharges and two ‘dark’ periods. During the discharge the potential drop 
across the air space has a constant magnitude with either a positive or negative value depending on the 
direction of current. The quenching of the discharge coincides with the maximum voltage. The dark 
period relates to the absence of charge transport across the air space. A current monitor and a voltage 
probe within the circuit measures current and voltage which can be displayed on an oscilloscope. At 
low voltages the current wave is out of phase by 90° and with increasing voltage the current wave 
increases peak to peak. The discharge period coincides with the maximum current and the ending of the 
discharge coincides with the maximum voltage [57]. The power dissipated within the DBD is almost 
exclusively during the discharge period. The average power dissipated within a DBD can be calculated 
by multiplying the voltage and current over one time period, as seen in [Eq. 5], where P is the power, 
Vt is the absolute mean voltage and It is the absolute mean current, within one wavelength. 
P = ∫ √Vt × It
t
0
  [Eq. 5] 
Power can also be calculated by the area of a Lissajous figure of charge against potential difference 
between electrodes. The charge can be measured by a capacitor in series with the DBD by the product 
of the potential difference across the capacitor and the capacitance of the capacitor. However, the 
capacitance of the capacitor must be large enough so that the voltage difference between the two 
electrodes of the DBD is as close to the voltage applied to the capacitor. This ensures that the 
capacitance probe is not intrusive and does not require a high voltage probe. The equation for capacitors 











 [Eq. 6] 
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1.5 Catalysis, photocatalysis and plasma catalysis 
Catalysis is a process which allows chemical reactions to take place at temperatures or via reaction 
routes not possible without a catalyst. Catalysis can be split up into two main sub groups, homogenous 
catalysis and heterogeneous catalysis. Homogeneous catalysis refers to the reactants and catalyst being 
in the same state, such as liquid and liquid, and heterogeneous catalysis is where the reactants and 
catalyst are is different states, such as gas and solid or liquid and solid. There are several examples of 
catalysis used in everyday processes such as fluidic catalytic cracking and the Haber process [58, 59]. 
The word ‘Photocatalysis’ is of Greek origin, ‘photo’ coming from ‘phos’ being light and catalysis 
coming from ‘katalyo’ meaning decompose. The difference of a photocatalyst and a catalyst is in the 
method of activation, the former being photons of high enough energy and the latter being thermal 
energy. In photocatalysis photons transfer their energy to electrons resulting in the energy of the electron 
to be high enough to transfer from the valence band to the conduction band. This results in electron and 
hole pairs to be formed. The valence band is outer most electron orbital that electrons can occupy 
whereas the conductance band is the band in which electrons exist with enough energy and mobility to 
move freely [60]. 
1.5.1 Photocatalysis 
A particular attention to heterogeneous photocatalysis is focused upon throughout this research, 
heterogeneous catalysis receives a large amount of emphasis due to its potential in environmental and 
energy related applications [61, 62]. Semiconductors make good candidates for photocatalysts due to 
their useful properties in electronic structure, photon absorption properties, charge transport 
characteristics and excited state lifetimes. Semiconductors in their non-conductive ground state require 
energy in order to be conductive, the amount of energy has to overcome the energy gap in order to 
transport an electron from the valence band to the conduction band and this energy gap is referred to as 
the bandgap. The resulting gap left by the electron is a positively charge hole and together reduction 
and oxidation can happen at the electron-hole pair. The electron-hole pairs can easily recombine due to 
the low kinetic barrier for the recombination process and release energy.  
The electron hole pairs can initiate the direct oxidation of adsorbed species. At the positive holes, 
hydroxyl radicals such as OH. can be formed through the oxidation of hydroxyl groups at the catalyst 
surface. At the conduction band electrons present can cause the reduction of electron-accepting species 
for example the molecules adsorbed on the surface. It is also possible to promote the formation of 
superoxide radicals O2.- and subsequent formation of OH∙. For example, photocatalysis has the 
possibility of hydrogen generation and conversion of carbon dioxide to methane, methanol, and 
formaldehyde [63-66] Along with this, photocatalysis has the ability to produce carbon monoxide from 
methane [67]. Suitable characteristics which make a material a good photocatalyst are good photoactive 
properties, its band gap, morphology, particle size, porosity, surface area, surface hydroxyl density, 
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activation by UV and/or visible irradiation, chemical and biological inertness, photostability, low cost 
and nontoxicity [68, 69].  
 
1.5.2 Titanium dioxide 
Titanium dioxide (TiO2) is a well-known photocatalyst and has been one of the most investigated 
semiconductors since its discovery of water splitting properties in the 1970s by Fujishima [70]. Ever 
since then there has been extensive research into its properties and to find beneficial applications. 
Titanium dioxide was initially industrially produced to replace the toxic lead oxide as the pigment in 
white paint. The advantageous properties of TiO2 is its chemical stability, biocompatibility, physical, 
optical, electrical properties, its relative low cost and high oxidizing power [71]. A lot of research has 
been conducted to obtain titanium dioxide in a form in which it can be activated by visible light. This 
is due to the fact that titanium dioxide has a band gap of 3.2 eV which needs ultraviolet radiation with 
a wavelength less than 385nm in order to activate its photocatalyst properties. TiO2 is a semiconductor, 
so the UV radiation is absorbed by electrons raising their energy levels from the valence band to the 
conductive band. The valence band edge of TiO2 primarily derives from oxygen 2p orbitals and the 
conduction band edge from titanium 3d orbitals. For non-metal light-element dopants, the modified 
optical properties are in general due to the electronic transitions from the dopant 2p or 3p orbitals to Ti 
3d orbitals. This formation of electron and hole pairs, as seen in [Eq. 7] allows oxidation and reduction 
reactions to occur at the surface. 
TiO2 + 𝑒
−(> 3.2𝑒𝑉) → ℎ+ + 𝑒− [Eq. 7]  
TiO2 has 3 main phases, amorphous, anatase, rutile and brookite. Different annealing temperatures can 
alter the crystalline phase of TiO2. Anatase exhibits a tetragonal structure formed from octahedrals 
connected by their vertices. The structure of the rutile phase is also arranged as a tetrahedral structure 
but with the octahedrals connected by the edges. Brookite has an orthorhombic structure, where both 
the edges and vertices are connected. It has been observed that anatase and rutile has effective 
photocatalytic activity [72]. Annealing TiO2 thin films at temperature up to 700oC for 1 hour in air 
formed anatase [73]. Temperatures from 900°C and above form the rutile crystalline phase [72].  
Despite the lower value of band gap for the rutile titania phase (3.0 eV) compared to anatase (3.2 eV), 
anatase exhibits better photocatalytic properties. The mechanism of high photocatalytic activity of 
anatase is still a debated subject. There are several reasons proposed to explain the higher anatase 
photoactivity compared to rutile. Firstly, the crystal size, surface area and porosity difference between 
anatase and rutile. This effects the recombination of electrons and holes, thus modifying photocatalytic 
properties. Secondly the higher Fermi level; the Fermi level of anatase is higher than the one of rutile 
by 0.1eV. This results in higher level of hydroxyl groups on the surface and therefore higher 
photocatalytic activity. Finally the indirect band gap of anatase; anatase has an indirect band gap 
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compared to a direct band gap of rutile, which means that the conduction band is located away from the 
maximum in the valence band. This results in the ability of electrons to stabilize at the lower level of 
the conduction band itself, consequently giving a longer life time and greater mobility [74]. 
The brookite phase of titania has an orthorhombic crystal structure, and is more rare and difficult to 
obtain than anatase and rutile. In some recent work brookite titania was shown to have photocatalytic 
properties.  
1.5.3 Black titanium dioxide 
Black titanium dioxide also known as reduced titanium dioxide is the removal or incorporation of 
oxygen or hydrogen respectively improving photocatalytic performance. This results in a reduction of 
the bandgap allowing increased solar adsorption for photocatalysis. Black titania can be produced by a 
novel hydrogenation method [75], it is also possible to produce black titania via coating deposition 
processes such as magnetron sputtering [76] this can have the effect of disordering the surface, 
generating Ti3+ , oxygen vacancies and improving Ti-H and Ti-OH species resulting in an increased 
shift in the valence band. Ti3+ ions and oxygen vacancies can be detected by various methods such as 
XPS and Raman spectroscopy in the case of a shift in peaks and reduction in peak intensity.  
  




Doping is the introduction of atoms in order to produce additional energy levels into the band structure 
of a catalyst which can be used to trap electrons or holes to separate carriers from the bands, thus 
allowing more carriers to successfully diffuse to the surface. A schematic representation of the effects 
of doping can be seen in figure 3. The purpose of doping is modifying a catalysts bandgap and electronic 
structure to optimize its optical properties for visible light harvest and to improve the charge kinetics to 
reduce the recombination of photogenerated carriers, and hence improve the interface and surface 
characteristics for more efficient catalysis [77]. 
1.6.1 Metal dopants 
Metal dopants can alter the band gap of photocatalytic materials. The photoactivity of metal-doped TiO2 
can be explained by a new energy level produced in the band gap of TiO2 by the dispersion of metal 
nanoparticles in the TiO2 matrix [78]. With the introduction of a new energy level, as seen in figure 3, 
an electron from the valence band can be excited from the defect state to the TiO2 conduction band by 
a lower energy photon. Additional benefit of transition metal doping is the improved trapping of 
electrons to inhibit electron-hole recombination which would otherwise reduce photocatalytic activity 
[78]. The transition metal-ion doping can act as recombination centres for electrons and holes of TiO2, 
thus reduces the overall activity of the photocatalyst [79]. Some typical metal dopants are tungsten, 
copper, iron and chromium among others [80, 81], the effect of doping a TiO2 photocatalyst with 
tungsten can be seen in figure 4.  
Figure 3 – Schematic representation of the effect of types of doping in a semiconductor where hv is the required 
photon energy to raise electron form the valence band (VB) to the conduction band (CB). Adapted from [78]. 
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1.6.2 Non-metal dopants 
Non-metal dopants can also change the semiconductor properties of TiO2. TiO2 is reported as the most 
promising photocatalyst candidate [82]. Non-metal doping using nitrogen is the most studied [83] due 
to its comparable atomic size with oxygen, and its low ionization energy Other studied non-metal 
dopants are carbon, fluorine and sulphur. Zinc oxide doped with nitrogen, carbon and sulphur all 
improved the photocatalytic efficiency by enhancement of light absorption and more efficient electron-
holes pairs [84]. Non-metal dopants such as nitrogen can decrease the electronegativity of the catalyst 
by introducing an energy level just above the valence band of TiO2 [85], represented in figure 3, 
requiring a lower energy photon to induce conductivity. Furthermore, it can act as a trapping centre for 
the photogenerated electrons and decrease the rate of recombination of photogenerated species. There 
are other ways in which a non-metal dopant can alter the photocatalytic activity of TiO2 apart from band 
gap narrowing. Oxygen vacancies can become traps for photogenerated electrons it has been reported 
that the higher the amount of oxygen vacancies the better the photocatalytic efficiency [86] [87]. Ihara, 
et al. [88] concluded that oxygen vacancies formed in the grain boundaries are important and nitrogen 
doped in part of oxygen are important as a blocker for reoxidation.  
1.6.3 Other dopants 
Rare earth dopants added to metal oxide photocatalysts have also received much attention due to their 
improvements to photocatalytic activity. This also affects the electron transfer activity from valence 
band to conduction band. Another method to improve the photocatalytic activity can be to couple 
semiconductors. This can enhance certain characteristics, similarly like the addition of dopants, which 
improve photocatalytic activity such as increasing the lifetime of the charge carrier, reducing the 
recombination of electron hole pairs.  Upon light irradiation, the photo generated electrons can flow 
from one semiconductor with a higher conduction band to the other with a lower conduction band.  
Moreover, the irradiation intensity and photoreactor design also play a crucial role in determining the 
performance of a photocatalyst [89]. Photocatalyst activation by wavelengths corresponding to plasma 
emissions makes photocatalysts of interest for enhancing conversion efficiencies of a given plasma 
process.  




Figure 4 – Schematic diagram representing the effect of W doping on TiO2 . Taken from [23]. 
 
1.7 Plasma catalysis 
Non-thermal plasma is another promising technique to generate syngas via the dry reforming of 
methane with relatively lower operating temperatures compared to catalysis [90]. However the energy 
efficiency of the process needs to be improved for it to be a competitive process [91]. Therefore 
combining photocatalyst with plasma to form a hybrid system could provide advantages compared to 
using catalysis, plasma reforming or photocatalysis reforming. A synergy between plasma and 
photocatalyst can be achieved. Plasma can modify the properties of catalysts such as specific surface 
area, pore size and surface energy, whereas the catalyst can affect the plasma by changing the discharge 
behaviour, electron energy density and temperature [20, 92, 93]. Moreover, photocatalysis can be 
induced since photons and electrons generated by the plasma can be absorbed by the photocatalyst to 
form electron-hole pairs which facilitate oxidation-reduction reactions [29] [30]. 
Along with the addition of catalyst, the conversion and efficiencies of using NTP are affected by the 
design and operational parameters of the plasma reactor itself, including reactor type, dielectric 
material, packing of dielectric material and volume. The electrical parameters also have an effect such 
as pulsing of the electrical signal, peak to peak voltage and the frequency applied. The flow rate, 
composition of gases, temperature and pressure of gas flowing into the reactor also affect the 
conversion, yield and selectivity [94-97]. 
As previously mentioned the dielectric barrier discharge, allows us to combine the advantageous 
properties of non-equilibrium plasma with the ease of atmospheric operation [46].  
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Plasma as mentioned previously is useful for the reforming of compounds or the production of products 
however the combination with heterogeneous catalysts can work in harmony with the plasma. The 
plasma discharge breaks down the gases to form a cocktail of reactive species, such as ions, electrons 
and vibrationally excited particles which are highly reactive. Combining the catalysts with the plasma 
means reactions can take place at temperatures lower than using catalysts or plasma alone. Abedi et al 
2015, studied that combining non-thermal plasma and TiO2-ZnO/GAC. They found that the removal 
efficiency of harmful chlorinated by-products was decreased significantly along with the NO, NO2, O3, 
COCl2, trichlorobenzaldehyde [98]. Metal catalysts nickel, cobalt, copper and manganese supported on 
γ-Al2O3 were investigated by Zeng et al 2015 in a coaxial DBD reactor for the dry reforming of methane 
[99]. The nickel and manganese catalysts significantly increased the conversion of methane confirming 
a plasma catalytic effect. The optimum parameters achieved a 19.6 % conversion of methane at a 
discharge power of 7.5 W and a gas flow rate of 50mlmin-1 with the /Ni/γ-Al2O3. The molar ratio of 
carbon dioxide and methane significantly affected the conversion of reactants, the selectivity and yield 
of products. LaFeO3 catalysts improved the efficiency and degradation of carbon dioxide and methane 
in a spark discharge reactor [13]. 
However, as the plasma itself can have an effect on the catalyst the opposite is also true. The plasma 
could activate the catalyst, change the surface energy or alter the catalysts physical properties such as 
the lifetime of electron hole pairs can be increased in the presence of an electric field [100, 101]. In turn 
the catalyst can affect the discharge behaviour, breakdown voltage or number of microdischarges. 
However, the underlying mechanisms of combining catalysts and plasma are not yet completely 
understood. Due to the effects of combining the two phenomena, traditional thermal catalysts are not 
necessarily the most suitable. Finding a synergistic outcome of this combination is required for this to 
be a viable technique. In order for plasma catalysis to play a bigger role for processes such as synthesis 
of products such as methanol and syngas, the energy efficiency needs to be improved.  
1.8 Plasma catalysis with dielectric barrier discharges 
Plasma catalysis is receiving greater attention in research for its ability to overcome the disadvantages 
observed when plasma or catalysts are used alone. There are two main ways of combining plasma and 
catalyst and are usually defined as either one-stage configuration or two-stage configuration, see figure 
5. One-stage configuration is where the catalyst is placed within the discharge area meaning the catalyst 
is in direct contact with the plasma. A benefit of this is the short-lived species can interact with the 
catalyst. With the one-stage configuration the addition of catalysts packed into the reactor can have an 
effect on the electrical properties of the plasma such as the electric field and the nature of discharge, as 
a result the plasma chemistry could differ in comparison to plasma alone. 
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A two stage configuration incorporates the catalyst at the end of the discharge zone meaning only 
excited, intermediate or long lived species will come into contact with the catalyst. For example, 
introducing powdered titanium dioxide TiO2 catalyst in a packed bed plasma reactor with barium 
titanate dielectrics increased the destruction of CFC-12 from 12 % to 27 % [102]. 
 
Figure 5 – Plasma alone (top), one stage plasma catalysis configuration (middle), two stage plasma catalysis 
(bottom). 
1.9 Operating parameters for current plasma reactors for dry reforming 
of methane 
This section reviews the current literature on the effects of operational parameters in non-thermal 
plasma reactors which have been developed for the dry reforming of methane. This includes the type of 
plasma reactor, the flow rate, feed gas ratio, carrier gas, voltage, frequency and packing material for 
packed bed reactors.  
 
1.9.1 Flow rate 
The total flow rate of gases fed into the reactor can have a significant effect on the conversion of 
reactants and selectivity of products. A higher flow rate reduces the residence time which lowers the 
probability of dissociation and consequently the conversion efficiency [96]. However, with a higher 
flow rate it is found that the energy efficiency is increased due to increased products per unit time. The 
effect of flow rate on the H2:CO selectivity and carbon balance was found to be negligible [103]. Table 
1 shows the effects of flow rate in various DBD’s on the conversion of methane and carbon dioxide and 
the energy efficiency, if stated. 
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Table 1 – Effect of flow rate on the dry reforming of methane in DBDs 
 
1.9.2 CH4:CO2 ratio 
The molar ratio of CH4:CO2 could affect the relative conversions of each reactant. Studies showed that 
with a decreased CH4:CO2 ratio the conversion of methane increased but inversely the carbon dioxide 
conversion decreases. This is ascribed due to the increased reverse water gas shift reactions (RWGS), 
see [Eq. 8], due to the increased carbon dioxide  content in carbon dioxide  rich feeds, whereas in 
methane rich feeds the increased methane content suppresses the RWGS reactions. 
H2 + CO2 ↔ CO + H2O  [Eq. 8]  
The ratio of CO:H2 is highly dependent on the feed ratio of CH4:CO2 in the gas stream. An increase in 
carbon dioxide results in more carbon monoxide whereas an increased methane content increases 
hydrogen production. It has been suggested that a higher ratio of methane to carbon dioxide is more 
favourable in the dry reforming of methane as it leads to higher conversions, hydrogen selectivity and 
energy efficiency [96], however, some studies suggests that an excess of carbon dioxide  increases 
hydrogen selectivity and conversion [99], due to an excess of oxygen radicals [105]. Some studies 
suggest that a ratio of 1:1 is the most suitable for hydrogen selectivity [106].  Increasing the methane 
also increases the abundance of higher hydrocarbons such as C2H6, C2H4 and C3H8 [107]. The highest 
selectivity of CO:H2 could perhaps be a combination of multiple conditions such as, power, packing 
material, catalysts and frequency among others. Table 2 shows the effect of the ratio of CH4:CO2 on the 









Effect of Flow Rate 
On Conversion % 
(Low Flow:High 
Flow) 





Packed bed 1:1 40sccm-
120sccm 
CH4 – (53.4%:36.2%) 
CO2 – (59.2%:43.4%) 
↑ 2.66 [96] 
Packed bed 1:1 300sccm – 
1600sccm 
CH4 – (65%:35%) 




1:1.25 50sccm – 
100sccm 
CH4 – (46%:30.5%) 
CO2 – (25.8%:14.8%) 
- [104] 
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1:0.4 to 1:2.3 11.5%:19% 9%:9% N/A [108] 
Packed 
bed. 
0.25:1 to 4:1 25%:40% 25%:52% 1:1.12 to 
1:1.24 
[27] 
Packed bed 0.3:1 to 3:1 50%:60% 40%:42% 1:0.5 to 1:2.4 [96] 
Coaxial 
DBD 
1:0.5 – 1:1.5 20.2%:37.2% 23.1%:16.3% 1.23:1 to 
1.22:1 
[104] 
      
 
1.9.3 Carrier gas 
Adding an inert carrier gas such as argon or helium can increase conversion and energy efficiency whilst 
also maintaining and initiating the discharge. Carrier gases can improve conversion, selectivity and 
yields, reasons for this can be attributed by its low breakdown voltage, discharge characteristics and 
reaction pathways. Carrier gases can affect the electron energy distribution function (EEDF) [109], 
which as a result affects the discharge characteristics and reaction pathways. The lower breakdown 
voltage brings about an increased number of ionized and excited species which can interact with gases 
within the plasma to form radicals [107]. Reaction mechanisms with a carrier gas of argon are as 
follows: 
e- + Ar → e- + Ar*   [Eq. 9] 
e- + CH4 → CH3 + H + e-  [Eq. 10] 
Ar* + CH4 → CH3 + H + Ar  [Eq. 11] 
Helium as a carrier gas can also lead to improved conversion and energy efficiency due to excited He+, 
He2+ and e- interacting with CH4 and CO2 generating CH4+ and CO2+ [108]. Other gases such as neon 
can be used however, it was found that for the same conditions, using argon as a carrier gas achieved 
the highest methane conversion compared to helium and neon in a planar type DBD reactor [110]. This 
was because argon shows a higher electron temperature and electron density hence, the numbers of 
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excited and ionized atoms are expected to be higher. Moreover, the density of active atoms is expected 
to additionally increase, because the energies of the excitation and ionization of argon are lower, 
therefore, argon can be expected to generate a larger number of excited and ionized atoms compared to 
helium and neon [110]. 
1.9.4 Voltage 
The peak to peak voltage has a significant impact with regards to conversion and yields of products. 
Increasing the voltage has a proportional effect on discharge energy and results in a higher energy 
density of electrons. Chemical reactions or conversions are directly affected by excited or ionized 
species as are electron impact collisions. This can trigger the dissociation of reactants into their 
fragments for consequent reactions with other species, either in the plasma or on the surface of catalysts. 
For example it was found that increasing the voltage from 8 kV to 11 kV increased the production of 
hydrogen from methane and hexadecane from a total of 6.83 ml/min to 169.08 ml/min [95]. 
1.9.5 Frequency 
In a DBD an alternating current with a high enough voltage is supplied to ionise the gases, generating 
a plasma, hence a suitable driving frequency must be chosen. At very high frequencies the limitation of 
current by the dielectric becomes less effective, DBD’S can operate in a frequency range of about 1 
kHz to 10000 kHz [46], however in gas processing it is recommended that a frequency no more than 
20 kHz is used [111]. At higher frequencies a higher energy consumption is experienced, this has to be 
taken into consideration for industrialisation and energy efficiency. A higher frequency can introduce 
more discharges per unit time, increasing conversion however only to a certain extent.   
1.9.6 Packing material 
For PBR’s the type of packing material is an important parameter in all gas processing. Everything from 
packing size, material type and the gap between the electrodes has an effect on the plasma properties 
and therefore the desired process. Many investigations have been published on the effect of the packing 
materials geometry and yet an overall acceptance for ideal conditions has yet to be found due to the fact 
that the effect of particle size can depend on reactor type and geometry, processing gas and packing 
material. Butterworth et al found that the smaller the particles size the higher the breakdown voltage 
and the occurrence of partial discharging which has a negative effect. However, smaller size can 
increase the surface area for heterogeneous catalytic reactions and increase the contact points where 
plasma can form. This results in increased discharges leading to a higher quantity of radical species [54] 
Ergun et al found that the pressure drop is greater with increased packing volume and smaller particle 
size [55]. Adversely larger particle size result in a lower breakdown voltage and a decrease in the 
amount of partial discharges. 
It is found that the effect of the particle size is different depending on the material, mainly due to shape, 
dielectric constant and porosity. Barium titanate (BaTiO3) has a dielectric constant (ε) between 3000 
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and 12000 making it a perfect fit for use as a dielectric material in a PBR [53, 112]. Careful 
consideration into the material itself is not enough. The pellet size also has a key role in the plasma 
properties. The shape and size of the pellets affects the maximum discharge current peak, pressure drop 
in the reactor, breakdown voltage and the breakdown or formation of compounds [56]. Research was 
conducted by Butterworth et al. found that larger particles typically lead to lower conversion, while 
smaller particle size leads to higher breakdown voltage and leads to partial discharging which decreases 
the reactor performance [54]. The presence of BaTiO3 or TiO2, for example as the packing material, 
with a carrier gas of argon or nitrogen in a DBD, can change the nature of the discharge. Instead of the 
discharge being primarily formed of filamentary discharges without packing material a transition to 
surface discharges as well as filamentary on the catalyst has been reported. As a result there is an 
increase in electron energy, this enhances the concentration of higher energy electrons and increases 
the vibrational temperature of carrier gas leading to an effect on the plasma chemical reactions [113].  
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1.10 Surface engineering and coating methods. 
Surface engineering is the changing of a materials surface either through changing the properties of the 
bulk material or by adding a material on the bulk substrate in order to change or enhance the surface 
characteristics. The three main ways in which a surface can be modified are: 
• Alteration of a surface without changing the composition of the surface such as plasma 
treatment, hardening or heat treatment. 
• A change in the surface composition but without adding an additional layer of another material. 
• Surface coating through a deposition technique such as sol-gel, PECVD, magnetron sputtering 
or painting.  
Surface properties have a significant influence on the behaviour and performance of a material as it is 
in direct contact with the surrounding environment. With surface engineering, the surface and substrate 
can be designed in order to enhance the performance in which neither is capable to produce on its own. 
Figure 6 – Surface engineering tree and its sub components. 
Thin films are a type of surface coating that can be defined as a low dimensional material coating that 
are made through the addition of a new layer of material onto a substrate through a deposition process. 
Thin films are in the range of nanometers to micrometers in thickness and can even be atomic 
monolayers. Thin films are currently used in a wide variety of applications for example as protective 
layers [114], photoactive layers [115], dry lubricants [116], catalysts and gas separating layers [117-
119]. Thin film deposition were chosen for this work as they can exhibit good photocatalytic properties 
as demonstrated in previous studies [117, 120-122]. 
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1.10.1 Coating processes 
Thin films can be deposited through a variety of coating methods, as seen in figure 6. Surface properties 
which can be altered by thin film coatings are morphology, composition, structure, cohesion and 
adhesion. Thin film coatings are developed to achieve and improve the performance which neither can 
substrate nor coating material can achieve on its own. In this work when coatings are mentioned it refers 
to thin film coatings. Coating processes can be categorised as gaseous, solution, molten or semi-molten 
and solid-state processes.  
Solid state processes generally produce thicker coatings which are greater than the scope of the work 
and types of coatings discussed. Solution state processes usually involve an aqueous solution followed 
by drying, deposits can be produced on metallic or non-metallic substrates. Gaseous state processes 
involve the coating material passing through a gaseous or vapour phase before deposition, chemical 
vapour deposition (CVD), and physical vapour deposition (PVD) are two prominent gaseous state 
process techniques. 
Chemical vapour deposition 
Chemical vapour deposition introduces the coating material in a gas flow, normally requires 
temperatures in the range of 150-12,000°C and deposits thicknesses in the range of 0.5-2000 μm. The 
pressure can be in the region of atmospheric pressure to 1 Pa or less. Use of lasers, electron beams, non-
thermal plasma or ion bombardment is used to coat at lower temperatures. Well-adhered, uniform and 
dense coatings can be formed by this method [48, 123, 124]. 
PECVD 
Plasma Enhanced Chemical Vapour Deposition (PECVD) is a widely accepted technique for thin-
film production. PECVD has the capability to operate at lower temperatures than thermally driven 
CVD. The energetic conditions in a PECVD reactor allow for the creation of high-energy, relatively 
unstable bonding states as compared to more traditional thin-film techniques [125]. PECVD can be used 
to develop photocatalytic thin films [126, 127].  
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Solution state processes 
One solution state process is the sol-gel process. Sol-gel generally follows three steps, those are 
hydrolysis, condensation and drying. Film thicknesses up to 1 μm can be deposited. Sol-gel is 
commonly used in catalyst coatings [128-130]. 
Wetness impregnation is a technique that can be used for the synthesis of catalyst thin films on a support 
and is a very common method due to its technical simplicity, low cost and low waste. The general 
method is the combination of support and a precursor containing solution. The catalyst can then be dried 
and calcined to obtain the desired catalyst. It is fundamental to find the optimum parameters for this 
technique as the effectiveness of the catalyst relies on their size and distribution over the support. 
Figure 7 –The sol gel process, adapted from [129, 131]. 
Physical vapour deposition 
Physical vapour deposition (PVD) involves the atomisation or vaporisation of the coating material from 
a solid state for deposition onto a substrate [132]. There are many types of PVD and usually differ by 
their means of atomisation of the target material. This is often divided into evaporation and sputtering 
where evaporation is achieved by thermal processes and sputtering is the kinetic atomisation of coating 
material. PVD processes can deposit films of elements, molecules and compound by the reaction of the 
depositing material and the ambient gas environment. In PVD several factors can affect the film 
properties: 
• Substrate surface condition. 
o The substrate surface includes surface morphology, chemistry, crystallography, 
mechanical properties surface defects, outgassing and stability of the surface. 
• System and fixture geometry 
o Angle of incidence, uniformity of the deposition and deposition rate. 
• Deposition parameters 
o Substrate temperature, deposition rate, energy input to the growing surface, gaseous 
contamination, presence of concurrent energetic particle bombardment during growth. 
• Film growth  
o Nucleation density, surface mobility, type and extent of the interface, growth 
morphology, reaction with ambient gases, gas entrapment, residual film stress, lattice 
defect generation, and momentum input to the growing surface. 
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• Postdeposition processing and reactions. 
o Reaction of film surface with ambient gases, adsorption onto film surface, reaction of 
film with storage environment. 
Vacuum evaporation 
Vacuum evaporation is a PVD process in which material is evaporated via a thermal vaporisation source 
and reaches the substrate without collision with gas molecules. 
Advantages include: 
• High purity films. 
• Solid source material. 
• Line of sight deposition. 
• Monitoring and control of film deposition. 
• Relatively cheap. 
Disadvantages include: 
• Alloy or compound films are difficult to produce. 
• Complex shapes are difficult to coat due to line of sight. 
• Poor films thickness uniformity over large area. 
Sputter deposition 
Sputter deposition is the deposition of materials vaporised from a surface also known as the target. The 
target material is physically ejected by momentum transfer from an energetic bombarding particle in a 
non-thermal process. This is generally done by a gaseous ion accelerated from a plasma and takes place 
in a vacuum. 
Advantages include: 
• Elements, alloys and compounds can be deposited relatively easily. 
• The target provides a stable, long lived vapourisation source. 
• Reactive deposition is relatively straight forward.  
Disadvantages include: 
• Low sputtering rates. 
• Film properties depend on angle of incidence. 
• Targets can be expensive. 
• Possible film contamination. 




Ion plating uses concurrent or periodic energetic particle bombardment of the depositing film to modify 
and control the composition and properties of the depositing film. The depositing material can be 
vaporised by evaporation or sputtering. The energetic particles used for bombardment are an inert gas 
or reactive gas similar to sputter deposition. 
Advantages include: 
• Controlled bombardment can be used to modify film properties. 
• Film properties are less dependent on the angle of incidence. 
• Bombardment can be used to improve the chemical composition of the film. 
Disadvantages include: 
• Many variables to control such as mass, energy and flux of depositing particles. 
• Difficult to obtain uniform ion bombardment. 
• Substrate heating can be excessive. 
• Bombarding gas can be incorporated into growing film. 
1.10.2 Magnetron sputtering 
Magnetron sputtering is a PVD process, which is the most widely used sputter deposition technique 
[22]. Argon is supplied to the vacuum chamber and a high voltage is applied between the cathode – 
commonly located behind the sputtering target and the anode – commonly connected to the chamber as 
electrical ground. The magnetic field produced by the magnetron form electron traps which are 
configured that the E×B electron drift (the cyclotron motion of a charged particles around magnetic 
field lines), where B is the magnetic field strength and E is the electric field, currents close on 
themselves [133]. This enables a dense plasma to concentrate around the target causing more high 
energy collisions and in turn increasing the sputtering rate. This is schematically shown in Figure 8. 




Figure 8 – General process of magnetron sputtering, adapted from [134]. 
The reason magnetron sputtering is the chosen technique for photocatalyst deposition onto dielectric 
material is due to its ease of forming high quality compound films such as nitrides, oxides, carbides or 
combinations [135]. This makes it ideal for the TiO2 or doped TiO2 films to be formed due to the ability 
of using more than one target material at the same time. Electrons from the target accelerate away from 
the surface by the electric field but spirals back around the magnetic field lines and returns to the surface. 
The E×B force traps the electrons and causes the electrons to also move normal to the E×B plane and 
form a circulating pattern. Due to the arrangement of the magnets the path of the electrons form a 
characteristic ‘racetrack’ shape and cause non-uniform erosion of the target surface. 
The arrangement of the magnetics of the magnetron can be altered in order to achieve different 
properties. They are usually defined as balanced and unbalanced magnetrons. Balanced magnetrons 
keep the electrons close to the surface of the target due to the equal strengths of the north and south 
magnets whereas the unbalanced configuration has unequal strengths of magnets and can alter the 
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magnetic field by increasing or decreasing the plasma region, as seen in figure 9, this can be useful in 
reactive sputtering. 
Figure 9 – Different configurations of the magnetron. Balanced magnetron sputtering (left), unbalanced type 1 
(middle), unbalanced type 2 (right). 
Reactive sputter deposition is the process whereby the depositing material reacts with the ambient gas 
to form a compound film material. The disadvantage of this is the poisoning of the target with the 
reactive gas which reduces sputtering rate and efficiency. In reactive sputtering the reactive gas can be 
mixed with an inert gas resulting in increased dissociation, ionisation and excitation of the reactive gas 
in the plasma region. The type of discharge used in magnetron sputtering is the glow discharge plasma. 
This type of plasma is again formed by partially ionizing a gas, for this process it is formed at a pressure 
well below atmospheric pressure.  
 
1.10.3 Surface Characterisation  
Characterisation of film properties and the bulk substrate is important to ensure the substrate/film 
properties are what is desired. It is also important to ensure reproducibility and confirmation of the 
physical properties. Characterisation can involve analysing surface and bulk morphology such as 
crystallinity, stoichiometry, optical properties such as optical adsorption and colour, chemical 
properties, corrosion and catalytic activity. Moreover, mechanical properties such as hardness, 
toughness and electrical properties such as dielectric constant, conductivity can be measured. 
Surface measurements can involve testing to the whole film for example, of catalytic activity. However, 
some measurements such as stoichiometry and crystallinity are conducted on a specific area and are 
usually applied to the whole film which can be an assumption.  
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Certain techniques used to characterise the individual properties of the surface and film are, surface 
profilometers, atomic force microscope (AFM), scanning tunnelling microscope (STM), magnetic force 
microscope, white light interferometry and scanning electron microscopy (SEM). 
Techniques used to analyse chemical properties are, Energy Dispersive X-Ray Spectroscopy (EDX), 
X-Ray Fluorescence (XRF), X-Ray Powder Diffraction (XRD), Raman Spectroscopy, X-Ray 
Photoelectron Spectroscopy (XPS), Infrared Spectroscopy and Rutherford Backscattering 
Spectrometry.  
Finally, examples or surface techniques for physical properties are, tensile testing using the small punch 
technique and nano-indentation.  
For the characterisation of the prepared photocatalysts in this report imaging techniques such as SEM 
and Raman spectroscopy were used, crystallography techniques such as XRD and Raman spectroscopy 
were used and elemental characterisation techniques such as EDX and XPS were used. These techniques 
are explained in further detail in chapter 2.  


















CHAPTER 2 - METHODOLOGY 
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In this chapter an extensive description of the methodologies used for the research carried out for this 
thesis is presented. This includes, in detail, a description of the magnetron sputtering rig used and the 
procedure used for preparation of the coatings, along with this the process of treatment of the 
particulates prior to coating and post coating is described. Furthermore, the equipment and techniques 
used for characterisation of the coated particulates is described, this includes scanning electron 
microscopy (SEM), elemental mapping, x-ray diffraction (XRD), x-ray photoelectron spectroscopy 
(XPS), Brunauer-Emmett-Teller (BET) surface area analysis and Raman spectroscopy. In regard to the 
evaluation of the performance of the photocatalytic coated particulates, the degradation of methylene 
blue dye solution was used, the methodology will outline the procedure of this test and subsequent 
analysis. A non-thermal dielectric barrier discharge was designed and developed for this research, an in 
depth overview of the system and its operation is presented in the methodology along with the post 
processing and evaluation of various parameters and outputs, this includes the measurement and 
calculation of the applied power control of input gases and the post processing of the output gases, 
which were analysed by Fourier transform infrared spectroscopy (FTIR). Finally, the method for 
measuring the optical characteristics produced by the plasma by optical emission spectroscopy (OES) 
is described. 
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2.1 Magnetron Sputtering of Titanium Dioxide and Titanium Dioxide 
Doped with Tungsten 
Magnetron sputtering was used to coat glass and BaTiO3 particulates with TiO2 and TiO2 doped with 
tungsten (TiO2-W). A schematic diagram of the rig used for the coatings can be seen in figure 10, the 
oscillating bowl was directly underneath the two targets of titanium and tungsten. The tungsten target 
was covered up when only depositing titanium. For glass particulates, this allowed the coating to be 
characterised and optimised, whereas, the BaTiO3 was the material of choice for the packed bed plasma 
reactor, due to its high dielectric constant (up to 12,000) [112]. Prior to sputtering a pre-treatment 
procedure was performed for the BaTiO3. Finally, post-treatment was performed by annealing to obtain 
photocatalytic phases. 
2.1.1 Pre-treatment of substrate 
For the deposition of photocatalytic coatings onto glass beads, borosilicate glass beads from Sigma 
Aldrich were used. The nature of the substrate required no pre-treatment for preparation prior to 
coatings. BaTiO3 particulates purchased from Catal International had a fragile surface therefore prior to 
coating, calcination at 1100oC in a Carbolite Gero furnace, in air, for 4 hours was performed in order to 
achieve a more robust surface. 
2.1.2 Deposition of TiO2 
Magnetron sputtering of photocatalytic thin films was performed in a high vacuum with the presence 
of argon and a reactive gas of oxygen.  The deposition technique was powered by a pulsed DC power 
supply. For the coatings of TiO2 a 99.5% pure titanium target fitted on a Gencoa Ltd unbalanced type 
II magnetron was used within a sputtering rig which was pumped down to a minimum base pressure of 
1×10-4 Pa, achieved through a combination of rotary and diffusion vacuum pumps, before argon and 
oxygen were introduced. For the coatings of TiO2-W, a 99.5% pure titanium and a 99.5% pure tungsten 
target were used, the same base pressure as aforementioned coatings was achieved. The pulsed DC 
power was supplied to the magnetron by an Advanced Energy Pinnacle Plus, Fort Collins, CO, USA. 
The powers applied for the deposition of coatings varied from (80 – 1000 W), further details on 
operational parameters for individual coatings can be seen in Chapter 3. The base pressure was 
measured by an Edwards penning gauge, prior to the commencement of sputtering the penning gauge 
was switched off and a MKS baratron capacitance monometer was used to measure the pressure inside 
the chamber. The supply of argon and oxygen were controlled by MKS mass flow controllers.  




Figure 10 – Schematic of the vacuum system of the magnetron sputtering rig used for the coatings of 
titanium dioxide based photocatalysts.  
The deposition process for the TiO2 photocatalyst onto BaTiO3 particulates was carried out using a 
bespoke oscillating bowl for the uniform coating of the particulates, as shown in figure 11. The bowl 
oscillates vertically with springs connected between the electromagnet and the base plate which also 
impart a lateral twisting moment to the oscillation. The resulting motion causes particles in the bowl to 
roll or hop in a circular path around the bottom of the bowl and, thus, over time all surfaces of the 
particles are exposed to the coating flux. The design of the oscillator is described in detail elsewhere by 
Ratova et al and has also been used for the coating of powders or particulates [136, 137]. The oscillating 
bowl is powered by an analog controller which allows the level of vibration to be varied, for clarity in 
this work, the term oscillating power describes this.  
  





Figure 11 – Schematic of oscillating bowl mechanism for deposition of TiO2 using magnetron 
sputtering. 
 
2.1.3 Post-treatment of Substrate 
Coated particulates were left to cool before venting the chamber and subsequent storage. Coated 
particulates were annealed in an air-filled muffle furnace, model Carbolite 3000. Once annealing was 
finished they were left to cool to room temperature.TiO2 thin films were heated to 500 °C for an hour 
to obtain an anatase phase whereas, TiO2-W thin films were annealed to 600 °C for 30 minutes in order 
to obtain an anatase phase. TiO2-W is annealed at 600oC for 30mins due to the effect of tungsten 
inhibiting the amorphous to anatase phase change by lowering the diffusivity of Ti and O ions and 
constraining the volume available for anatase lattice formation hence, requiring a higher annealing 
temperature to obtain an anatase phase [120, 138]. 
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2.2 Surface characterisation  
Surface characterisation of the coating properties and the bulk substrate is important to ensure the 
substrate/coating properties are what is desired. It is also important to ensure reproducibility and 
confirmation of the physical properties. In this work the surface characterisation techniques used were 
SEM/EDX, XPS and Raman spectroscopy and BET surface area analysis. SEM/EDX was used to look 
at the physical nature of the coating, to understand the topography of coating which was present on the 
substrate and to observe the coating’s uniformity and dispersion. Raman spectroscopy was used to 
analyse the crystallinity of the coating as this is fundamental to the photocatalytic properties. XPS was 
used in order to understand the chemical bonds present and further characterise the coating and its 
properties, this can aid in the determination of the effect of the coatings on the plasma chemistry. BET 
surface area analysis was used in order to investigate the surface area of both the substrates prior to 
coating and after coating to give a greater understanding of the surface topography. 
2.2.1 SEM/EDX 
Scanning electron microscopy (SEM) is a physiochemical technique which involves firing a focused 
high energy beam of electrons with energies of between 5-30 kV at a sample. It is used as a method of 
visualising a surface at a high magnification and depth of field otherwise unachievable by optical 
microscopes giving a topographical view of a sample. It can also be used to detect the elemental 
composition at a samples surface via energy dispersive x-ray spectroscopy (EDX or EDS), the technique 
differs to an optical microscope, which detects light whereas scanning electron microscopy generates 
and detects electrons. Optical microscopes rely on lens technology to achieve high resolutions, (the 
limit of resolutions is defined as the minimum distances at which two things can be seen apart), 
however, this can only reach around a resolution of ~200nm. SEM, by using electrons can achieve a 
resolution of 0.9nm in comparison the human eye at maximum can achieve a resolution of 0.1mm. It 
can also analyse the elemental makeup by EDX.  Electrons are fired at the surface of a material and 
subsequently interact in various ways, see figure 12. The result of this produces photons, electrons (back 
scattered electrons and secondary electrons) and x-rays which then hit different types of detectors 
eventually leading to the production of an image. The configuration of scanning electron microscopes 
harbour an electron gun, electron lenses, apertures, stigmator, electron detectors, a vacuum system, 
scanning coils, a specimen holder and specimen stage, see figure 13. The SEM requires a vacuum 
environment in order to function properly. Operating parameters of an SEM include: accelerating 
voltage, spot size, aperture size and working distance.  





Figure 12 – Different interactions of incident electrons at the substrate of a sample in the scanning 
electron microscope [139, 140]. 
  
EDX spectroscopy is the detection of the elemental composition of a sample from boron upwards, by 
atomic number, due to lighter elements emitting either no characteristic x-rays or too low of an energy 
x-rays. The electrons interact with the substrate and cause the emission of characteristic x-rays which 
can be differentiated by energy and hence the element along with its concentration can be determined. 
The electron beam will excite the electron in the nucleus of the atom, causing it’s ejection from the 
nucleus and creating an electron hole. An electron of higher energy will replace the missing ejected 
electron and in doing so releases a characteristic energy X-ray.  
 
Figure 13 – Schematic representation of SEM microscope. 
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It can be seen in figure 12 that the previously evocated emissions are not the only ones that can be 
emitted from a surface, as other emissions are not measured in this work, they are therefore not 
explained here. 
A JEOL JSM-5600LV SEM was used to collect the images in this report. The optical zoom was 13kX 
with a working distance of 6.2 mm and an acceleration voltage of 2 kV. 
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2.2.3 Raman spectroscopy  
Raman spectroscopy is an analytical technique which can be applied to a wide range of materials 
encompassing most solid surfaces. Raman spectroscopy is known as a complementary technique to IR 
spectroscopy but is sensitive to the vibrational modes which are not as strongly shown via IR 
spectroscopy. Molecules can have vibrations which are not IR active (the net molecular dipole moment 
does not change) but have vibrations which are Raman active (the polarizability of the molecule 
changes), therefore the polarizability of a molecule is the parameter used in determining Raman 
intensities.  Raman spectroscopy relies on a scattering process known as the Raman effect. The Raman 
effect was first predicted by Smekal in 1923 but first observed by Sir C V Raman in 1928 [141, 142]. 
The Raman effect is the process whereby incident radiation is absorbed into a virtual electronic state of 
the molecule followed by emission when going back to its lower excited vibrational state. The detection 
of photons is analysed in order to detect the molecular vibrations of the sample.  Raman spectroscopy 
utilises a laser as an excitation source and therefore requires a high flux of photons. Raman spectroscopy 
is a technique that can be applied to most solid surfaces and is applicable to small areas of a sample. 
 
Figure 14 – Transitional energy levels of absorption and desorption of energy in Raman spectroscopy 
 
There are two types of Raman scattering which can occur, these are Stokes and anti-stokes, as shown 
in figure 14. Most photons of light will experience Rayleigh scattering, which is a process where the 
photon is scattered by the electron cloud, resulting in minimal energy or frequency change. However, 
if the scattered photons cause nuclear motion, this will result in energy gain or loss by the photon in a 
transfer with the molecule, depending if it is stokes or anti-stokes. Stokes energy is where the photon 
causes a shift in energy of the electron from a lower state to a higher virtual state and a relaxation to an 
energy state higher than the original state, emitting a lower energy photon. Anti-stokes energy however 
occurs if the electron is already in a higher excited state and once excited to a virtual state relaxes to the 
ground state resulting in a higher energy photon being released. 
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Raman spectroscopy is a useful non-destructive analytical technique and requires no sample 
preparation. Due to its ability to analyse a small amount of sample it can be ideal for photocatalyst 
characterisation. Raman spectroscopy is therefore useful in this work to analyse the crystal structure of 
photocatalytic coatings. 
Raman spectroscopy was performed using a ThermoFisher scientific DXR Raman microscope with a 
532 nm laser at 1 mW, 50x LWD microscope, 900 line per mm grating, an estimated spot size of 1.1 
μm and a 25 μm pinhole. 
All spectra obtained were compared to a database of standard spectra provided by ThermoFisher 
scientific in order to analyse the crystallography of samples. 
 
  




X-ray photoelectron spectroscopy (XPS), also called electron spectroscopy surface characterisation is 
a technique for investigating thin surface layers. In XPS the sample is bombarded with x-rays with a 
well-defined energy, usually from an Al Kα or Mg Kα source. The x-rays interact with core electrons 
around the nucleus of the different atoms present at the surface of the sample and cause an emission of 
a photoelectron. The kinetic energy (KE) of these emitted electrons is characteristic of the element from 
which the photoelectron originated. Each electron present in an atom has characteristic binding 
energies, it is this that is measured and analysed. The position and intensity of the peaks in the resulting 
energy spectrum provide the desired chemical state and quantitative information. In order to quantify 
the binding energy the photo emitted electrons are measured by their kinetic energy by a detector and 
electrons that are emitted from the top 1-10 nm of the material are analysed. 
 
Figure 15 - Schematic representation of XPS spectroscopy. Adapted from [143]. 
The relationship between the measured KE of the photoelectron and the binding energy is shown in 
[Eq. 12]. 
BE =  hv − KE  [Eq. 12] 
A photoelectron spectrum is recorded by counting ejected electrons over a range of electron kinetic 
energies. The energies and intensities of the photoelectron peaks enable identification and quantification 
of all surface elements, except hydrogen, as it has no inner shell electrons [144]. Instead, hydrogen has 
a 1s electron which is a valence electron, hence any signal from hydrogen would overlap with signals 
from excitation of valence electrons from other surface atoms, as binding energies of valence electrons 
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change significantly . XPS can measure the elemental composition, empirical formula, chemical state 
and electronic state of the elements within a material. 
XPS analysis was performed with an AMICUS photoelectron spectrometer (Kratos analytical AXIS 
Supra+) equipped with Mg K X-rays as the primary excitation source. The binding energy was 
referenced to the C 1s line at 284.8 eV for calibration. Curve fitting was performed applying a Gaussian 
function with a Shirley background. The detector was a hemispherical analyser coupled to a delay line 
detector, operating with a 110 μm aperture in the lens column with the lens operating in the FOV2 mode 
with a resolution of 40 eV. 
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2.2.5 Brunauer-Emmett-Teller Surface Area Analysis 
Brunauer-Emmett-Teller (BET) measures the surface area of a sample based on the gas adsorption as 
per the BET method, seen [Eq.13]. At -196°C (boiling point of nitrogen) nitrogen gas is below the 
critical temperature and so condenses on the surface of a sample. It is assumed that the gas condenses 
onto the surface in a monolayer and so, as the atomic radius of nitrogen is known, the amount of 
adsorbed (condensed) gas is correlated to the total surface area of the sample including pores at the 
surface (inaccessible pores are not detected). Derived over sixty-five years ago, the application of the 
BET equation is one of the most popular approaches for the calculation of the specific surface area. The 
determination of surface areas from the BET theory is an application of the BET equation, see [Eq. 13], 
where X is the weight of the gas adsorbed, P/Po is the relative pressure, Xm is the monolayer capacity 















) [Eq. 13] 
The general method of performing a BET surface area measurement is as follows, first a sample within 
a tube is degassed in order to remove the adsorbed species from the sample by heating and evacuating, 
or by adding nitrogen. Secondly the sample and reference tube are evacuated. At this stage most 
methods will perform a dead volume measurement using an inert gas such as He in order make sure 
both tubes have similar dead volumes. Subsequently the dead-volume gas is pumped out. Next the 
adsorbate gas is admitted into the two tubes, adsorption of the gas onto the sample occurs, in doing so 
the pressure in the confined volume falls until the adsorbate gas and adsorptive gas are in equilibrium. 
Therefore the amount of adsorbate gas at the equilibrium pressure is the difference between the amount 
admitted and amount remaining in gas phase. 
A number of data points should be collected. The P/Po should range from 0.025 to 0.30 to successfully 
determine the surface area using the BET equation. At relative pressures higher than 0.5, there is the 
onset of capillary condensation, and at relative pressures that are too low, only monolayer formation is 
occurring. When the BET equation is plotted, the graph should have a positive gradient. If such a graph 
is not obtained, then the BET method was unsuccessful in obtaining the surface area. The slope and y-
intercept can be obtained using least squares regression. The monolayer capacity 𝑋𝑚 can be calculated 




   [Eq. 14] 
Once 𝑋𝑚 is determined, the total surface area 𝑆𝑡 can be calculated with the following equation, where 
𝐿𝑎𝑣 is Avogadro's number, 𝐴𝑚 is the cross sectional area of the adsorbate and equals 0.162 nm
2 for an 
absorbed nitrogen molecule, and 𝑀𝑣 is the molar volume and equals 22414 mL.  
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BET surface areas of the samples were calculated in the relative pressure range 0.05–0.30 by nitrogen 
adsorption / desorption measurements using a Micromeritics ASAP 2020 surface area analyser at −196 
°C. Samples were degassed under vacuum (p < 10−5 mbar) for 12 h at 300 °C prior to analysis.   
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2.3 Photocatalytic Activity through the Methylene Blue Degradation 
Method 
The photocatalytic activity of the coated particulates were analysed using dye degradation. Methylene 
blue was chosen due to its frequent use in testing for photocatalytic activity [146-149]. ISO standard 
10678 confirms the use of methylene blue as a model organic dye for the determination of photocatalytic 
activity of surfaces in an aqueous medium [150]. 3.0 g of glass particulates and 1.5 g of BaTiO3 
particulates were used per test due to the different densities of the particulates. An Ocean Optics DH-
2000-BAL UV-VIS-NIR spectrometer, UV-A source (2 × 15 W Sankyo Denki black light blue lamps, 
peaked at 365 nm) and Spectrasuite software, which measures and displays the absorption of light 
passing through the cuvette dye solution was used. Particulates were placed within a covered cuvette 
(40 x 40 mm) with 50mL of methylene blue solution (2 µmol/L) and left until the absorption of 
methylene blue on the surface of the particulates was in equilibrium with the methylene blue in solution. 
Subsequently the UV light was radiated upon the sample, and the degradation of methylene blue was 
measured for 2 hours. The degradation takes place according to [Eq. 15] with the colour change from 
blue to colourless [151]. 
C16H18N3SCl + 25.5O2  hv>bandgap→TiO2 HCl + H2SO4 + 3HNO3 + 16CO2 + 6H2O [Eq. 15] 
The characteristic wavelength of absorption of methylene blue dye, which was measured, is 664.11 nm.  
The increase in light passing through the solution is proportional to the degradation of the methylene 
blue dye. The reaction rate constant, ka, of methylene blue degradation is taken as a measure of the 
photocatalytic activity of the coated particulates, and was calculated using [Eq. 16] where Ao is the 




) = 𝑘𝑎𝑡  [Eq. 16]  
 
Figure 16 – Methylene blue degradation experimental setup for the measurement of photocatalytic 
activity of coated particulates. 
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2.4 Overview of the dielectric barrier discharge closed system and power 
supply for the generation of non-thermal plasma. 
 
2.4.1 Packed bed reactor  
 
A one-stage configuration packed bed reactor with BaTiO3 dielectric bead packing material, sourced 
from CATAL International, has been constructed for the research carried out in this thesis. Barium 
titanate beads can be produced by heating barium carbonate (BaCO3) and titanium dioxide (TiO2) to 
around 1000oC [153]. BaTiO3 has a dielectric constant between up to 12,000 and is commonly used as 
a dielectric material for gaseous pollutant remediation with scientific literature [53]. The dielectric 
constant is affected by the operating conditions, such as temperature, applied frequency and applied 
electric field strength. The packed bed reactor, shown in figure 17 and 18, was designed using computer 
aided design software and manufactured in house. It consists of: two replaceable electrodes, a funnel 
(machined inside a stainless-steel cylinder), electric wire attachment, ‘cork’ and a gas pipe welded to 
the funnel. A quarter inch stainless steel tube with wall thickness of 1 mm was welded onto a 27 
mm outer diameter stainless steel funnel which was manufactured using computer numerical controlled 
(CNC) machines. On the end of the funnel a flat metal end with 87 holes of 1 mm diameter and a surface 
area of 1253.37 mm2, was cut by water jet from sheet metal, for gas transfer through the packed bed 
reactor. A removable acrylonitrile butadiene styrene (ABS) plastic cork was 3D printed using an 
Ultimaker 2+ 3D printer. The cork has a groove for an O-ring in order to provide a seal between the 
inside of the reactor and the external atmosphere. The encapsulating borosilicate glass tube had an inner 
diameter of 28 mm and a 2 mm wall thickness. Dielectric beads of BaTiO3 are sandwiched between the 
two electrodes. The mass of the BaTiO3 packing material for various separation of the electrodes was 
measured and recorded. The specific mass was then used and kept constant to ensure the amount of 
beads in the reactor is fixed when experiments are run.  





Figure 17– Packed bed reactor in exploded view and assembled view, velocity profile of a gas flowing 
out of a funnel (top). Full schematic of the PBR setup (bottom). 
 
 
Figure 18 – Packed bed reactor in operation with BaTiO3 packing material. 
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2.4.2 Power supply 
In order to provide the required electric field for generating plasma, a bespoke power supply was used. 
The power supply consists of a signal generator (TTI TG2000), audio amplifier (ProSound 1600) and a 
custom-built high voltage transformer (Amethyst Designs). Current and voltage measurements were 
made with a Pearson 4100 current monitor and a Tektroniks 1000:1 voltage probe, recorded on a 
Tektronix DPO 3014 digital oscilloscope. Applied power was calculated from the current and voltage 
measurements, see appendix CODE 3 for MatLab code used.  
2.4.3 Closed system/gas control 
A MKS multi gas controller 647C controlled the mass flow controllers which supplied the gases. The 
mass flow controllers were MKS G Series with an upper limit of 5 SLM and lower limit of 0.5 sccm. 
The methane and carbon dioxide was mixed with argon at a flow rate of between 200 sccm and 2 SLM 
to ensure the gas mixture was well below the lower explosive limit of 5 % of methane in air. Regular 
checks to the system was performed to ensure there was no leaks in the system. 
2.4.4 Dry reforming of methane using a packed bed plasma reactor 
Prior to beginning the experiments the closed system was flushed through with inert argon gas to purge 
the impurities such as water vapour or the residual process gases from previous experiments, and a 
background for the FTIR was taken. Methane and carbon dioxide were then switched on. The gases 
were allowed to flow for 30 minutes before recording three FTIR scans, each 15 minutes apart, to ensure 
the gases were at steady state and the intensity of the characteristic peaks showed no deviation. After 
the gases were at steady state plasma was initiated by increasing the voltage to the required level. At 
the time of 10, 15 and 20 minutes an FTIR scan and the electrical characteristics were recorded. 
Figure 19 – Schematic of the PBR setup used for the dry reforming of methane. 
 
2.4.5 Post processing of electrical data 
The instantaneous current properties were measured by a PearsonTM wide band current monitor and the 
instantaneous voltage was recorded via a FLDITEST GE 3830 30kV AC+AC peak CAT II voltage 
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probe. Three readings at separate intervals were taken in order to measure the power supplied to the 
plasma. The power must remain constant for all tests in order to be comparable to each other as the 
input power has a significant effect on the plasma properties and therefore on the chemistry occurring 
[99]. The power was calculated through [Eq. 17], where Pt is the deposited power to the whole DBD 
over one period in watts, t is the period in seconds, Vt is the applied voltage measured in volts and It is 
the input current measured in amperes [13]. The measurement interval is 2E-8 s whereas the 
microdischarge pulse durations range from 1 x 10-8 and 15 x 10-8 s [54], therefore this measurement is 
expected to miss a small number of electrical discharges. 





  [Eq. 16] 
This approach is sometimes not easy to practically implement due to heavy distortion of the current 
waveform. Furthermore, it does not take into consideration any losses in the system, such as heat or due 
to the resolution of measuring current and voltage being too large, resulting in the failure to capture all 
filamentary discharges [154]. This equation was implemented into code on MatLab which processes 
the raw data recorded by the equipment. The code can be seen in the appendix as CODE 3.  
 
  




Fourier Transform Infrared Spectroscopy (FTIR) is an analytical technique which aids classification of 
samples and their abundance. Infrared spectroscopy is a key technique for materials analysis partly due 
to its large versatility and its ability to be applicable to almost any surface. The advantage of FTIR 
spectroscopy is the low signal to noise ratio, providing improved spectra, and its quick and simple 
analysis of samples. The FTIR has the ability to analyse solid, liquid and gas samples. 
A criterion for IR absorption is a net change in dipole moment in a molecule as it vibrates or rotates. 
Absorption of IR radiation is typical of molecular species that have a small energy difference between 
the rotational and vibrational states. A molecule where the charge distribution between its elements is 
not evenly distributed, such as where molecules have different electronegativity causes the molecule to 
have a dipole moment. The dipole moment is determined by the magnitude of the charge difference and 
the distance between the two centres of charge. IR spectroscopy relies on the absorption of infrared 
wavelengths to change the molecules vibrational energy levels. This interaction is a resonance condition 
involving the electric dipole mediated transition between vibrational energy levels [155]. Therefore for 
the vibration of a molecule to be infra-red active it should produce a change in the dipole moment. As 
different materials have a different yet unique combination of atoms and as a consequence no two 
compounds produce the exact same infrared spectrum. Examples of molecules which do not have diploe 
moment are hydrogen, oxygen, nitrogen and argon therefore it was not possible to measure any 
hydrogen produced in this work. 
As a result the IR spectrum represents a molecular ‘fingerprint’ of a sample with absorption peaks which 
correspond to the frequencies of vibrations between the bonds of the atoms. Therefore, infrared 
spectroscopy can result in a positive identification (qualitative analysis) of every different kind of 
material. In addition, the size of the peaks in the spectrum is a direct indication of the amount of material 
present and so quantitative analysis can also be performed [156]. 
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The basic components of an FTIR are an infrared source, an interferometer which uses a beam splitter 
and mirrors, detectors and computer software. Figure 20 shows a schematic of an interferometer, 
demonstrating the path of infrared light being split by the beam splitter. The two infrared beams hit a 
fixed mirror and hit a moving mirror, the two beams then recombine and interfere, which produces 
infrared across all of its frequencies. The infrared beam of all frequencies pass through the sample where 
the absorption and transmittance take place. The infrared frequencies then hit a detector and after which 
is decrypted by Fourier transform into quantitative data. 
Figure 20 – Schematic representation of an FTIR interferometer. 
 
The spectra obtained by FTIR can later be processed by the user giving the molecule or compound 
present and its abundance. The molecule or compound present is compared to reference standard spectra 
in which no compound will have the same, this can identify the molecule or compound. The absorbance 
intensity is proportional to the abundance of the specific compound which means it can be quantified. 
This is defined through the Beer Lambert law which is defined by [Eq. 18]. Further details on the 
method to calculate the concentration can be seen in Section 2.4.7. Table 3 shows the strongest IR 
vibrational modes for the gases which were detected within this report. 
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Table 3 – The strongest IR vibrational modes by number of modes and wavenumber. 
Molecule Number of Vibrational Modes Wavenumber  References 




Carbon Dioxide 4 667 cm-1 
1340 cm -1 
2350 cm-1 
[157] 
Carbon Monoxide 1 2143 cm -1  
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In this research the inlet gases travelled through a closed system through the packed bed reactor and 
entering the Specac Tornado 5 metre FTIR gas cell with a path length of 5m before exiting to extraction. 
Spectrum software was used in tandem with a Perkin Elmer Spectrum Two FTIR for data analysis and 
collection. Obtained spectra was uploaded to MatLab for peak area calculation. Referenced standard 
spectra was also uploaded to MatLab for peak area calculation. Using the Beer-Lambert law seen in 
[Eq. 18] the concentration in ppm was calculated, where ε is the molar attenuation 
coefficient or absorptivity of the attenuating species, c is the concentration of attenuating species, l is 
the path length, A is absorbance, Io is the initial absorbance and I is the measured absorbance. 
𝐼 =  𝐼0exp𝜀𝑐𝑙
   [Eq. 18] 
Since the spectra is measured with respect to absorbance the inverted function is seen in [Eq. 19] 
𝐴 =  −𝑙𝑛(𝐼/𝐼0)  =  𝜀𝑐𝑙  [Eq. 19] 
For the production of ozone the resolution was 4 cm-1 and the number of scans performed was 4, in 
the dry reforming of methane a resolution of 1cm-1 was used, in order to increase the accuracy of the 
results, with number of scans also 4. 
2.4.7 FTIR Measurement 
The output of the gases from the packed bed plasma reactor feed directly into the FTIR gas cell and 
from there go directly to the extraction. Prior to any experiment the gas cell is flushed with inert and IR 
invisible gases to ensure there are no impurities within the closed gas loop and an experimental 
background is taken. A background spectrum is taken to eliminate the impurities within the gas flow 
such as H2O or residual CO2 and to account for impurities in the beam path. This is then subtracted 
from the recorded scan for a given measurement. Recorded FTIR measurements were analysed with 
MatLab software in order to find the concentration of the species produced after comparing to standard 
spectra information of which is displayed in table 4. The area of a peak is proportional to the 
concentration of the molecule responsible for that peak, and so calculating this area allows us to 
calculate the ppm of measured species. The code used in order to calculate the area is presented in the 
appendix under CODE 1 and 2, and figure 21 shows it in operation.  




Figure 21 – Example of the area calculation using the MatLab code, the blue highlighted is the area 
which is calculated for carbon monoxide.  
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The area underneath the characteristic peaks is proportional to the concentration of the molecule. Using 
Mat Lab code as seen in the CODE 1 and 2 in the appendix, integration between two points which 
correspond to the wavenumbers of the characteristic peaks was performed. The concentration is 
calculated with respect to a standard spectra of known concentration. This can be done using [Eq. 20] 
where Am is the area of the measured spectra and As is the area of the standard spectra, this is multiplied 







 [Eq. 20] 
Table 4 shows the parameters for each standard spectra which was used for concentration calculations, 
table 5 shows the wavenumbers used for each peak when calculating the area of the peak.  
 
Table 4 – The parameters for each standard spectra which was used for concentration calculations 
for measured spectra. 
Molecule Path Length Area Concentration Reference  
Ozone 1 42.045 40ppm [161] 
NO2 1 0.063424111 1ppm [162] 
N2O 1 0.063571216 1ppm [163] 
N2O5 2.12 1.7794 72.61ppm [164] 
CH4 1 0.0178 1ppm [162] 
CO2 1 0.1122 1ppm [162] 
CO 1 0.0109 1ppm [162] 
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*The CO2 peak at 2230-2400 was disregarded as the absorbance was greater than 1.0. 
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Conversion of reactants were calculated through the percentage reduction in FTIR area which can be 
seen in [Eq. 21]. 
Concentration of input−concentraation of output (ppm)
Concentration of input (ppm)
 × 100% [Eq. 21] 










     [Eq. 22] 
Finally in order to compare the results obtained in this thesis to literature, the energy efficiency was 
calculated using [Eq. 23] [28]. In order to find the conversion of carbon dioxide and methane in mmol 
s-1, the ppm per volume was calculated and multiplied by the flow rate and converted to mmol s-1 by 





𝐶𝑂2+𝐶𝐻4 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑 (𝑚𝑚𝑜𝑙 𝑠
−1)
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑃𝑜𝑤𝑒𝑟 (𝑘𝑊)
 [Eq. 23] 
PV =  nRT     [Eq. 24] 
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2.4.8 OES Spectroscopy 
Optical emission spectroscopy is used as a measurement technique in plasma processing to identify 
excited species present within the plasma. As electrons rise and fall in energy level, the atom will emit 
the difference in energy. The packet of energy released with a specific wavelength of between 200 to 
800 nm can be detected by the optical emission spectrometer giving information about species present. 
The OES spectrometer used for the production of ozone experiments was an Ocean Optics USB4000 
whereas an Ocean Optics HR2000+ was used for the dry reforming of methane experiments, both of 
which were connected to Ocean View software. A collimating lense attached to an optical fibre was 
placed directly over the packing material with a quartz glass tube acting as the separation barrier. The 
collection parameters can be seen in table 6. Before any readings were taken a dark background was 
taken to account for stray electrical signals and stray background light. The intensity of the peaks are 
measured in counts against the wavelength in nm.  
 
Figure 22 – Schematic of the Ocean Optics spectrometer and data acquisition during plasma 
processes. 
Table 6 – OES data acquisition parameters used for the measurement of optical emissions of the 
plasma processes. 
 
OES Parameter Value 
Integration Time 3000 µs 
Scans to Average 4 
Boxcar width 4 
Data Collection Time 5 µs 
  

















CHAPTER 3 – DEPOSITION OF PHOTOCATALYTIC 
COATINGS ONTO PARTICULATES FOR USE IN A 
PACKED BED DIELECTRIC BARRIER DISCHARGE 
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The deposition of photocatalytic coatings onto glass particulates formed the primary work in order to 
establish a basis to characterise and evaluate the coatings, and then to refine the conditions for use in 
the plasma reactor. Glass particulates, of diameter 2 mm, were coated with TiO2 and TiO2-W through a 
bespoke magnetron sputtering process. Post coating heat treatment was performed in order to obtain the 
best crystallinity for photocatalytic activity. Subsequent characterisation and analysis of the coatings 
was carried out by Raman spectroscopy, SEM and XPS to determine the crystallinity, stoichiometry 
and uniformity of the photocatalytic coatings. An investigation into the photocatalytic activity of the 
prepared coatings was undertaken through the degradation of methylene blue. A factorial design of 
experiments was utilised in order to investigate the effect of various sputtering conditions in an efficient 
way for the optimisation of photocatalytic coatings. Thereupon photocatalytic TiO2 and TiO2-W 
coatings were deposited onto BaTiO3 particulates and subsequently were characterised via SEM/EDX 
and XPS to again determine the crystallinity, stoichiometry and uniformity of the photocatalytic 
coatings. Photocatalytic activity through the degradation of methylene blue was also used to test the 
photocatalytic activity of the BaTiO3 particulates. It was observed that for both the glass and BaTiO3 
the addition of TiO2 coatings which were annealed increased the degradation of methylene blue under 
UV light. It was also observed that the unannealed TiO2 coated glass or BaTiO3 showed no 
photocatalytic activity, this was as a consequence of the presence of phototactically active anatase. 
Subsequent addition of W in the TiO2 coating promoted increased degradation of methylene blue and 
hence increased photocatalytic activity.   
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3.1 Pulsed DC Magnetron Sputtering of Photocatalytic Coatings 
  
Photocatalytic thin films were deposited by pulsed DC magnetron sputtering in a rig which contained 
two planar unbalanced type II magnetrons. Pulsed DC magnetron sputtering is required due to the 
inefficiency of DC magneton sputtering for reactive sputtering of oxides due to the build-up of positive 
charges at the cathode as the target surface becomes ‘poisoned’. This can consequently lead to arcing 
and results in inhomogeneity and defects in the film and instabilities of the deposition process [165]. 
Furthermore arcing can damage equipment such as the power supply. Pulsed DC was chosen due to its 
ability to be readily controlled and has been proven to produce good coating uniformity, adhesion and 
reproducibility [152, 166]. All coatings were deposited in the magnetron sputtering rig which was 
pumped down to a base pressure of 1×10-3 Pa. A single 300 mm x 100 mm type II unbalanced planar 
magnetron was used along with a titanium target of 99.5 % purity for TiO2 coatings. Two 300 mm x 
100 mm type II unbalanced planar magnetrons were used along with a target of titanium and tungsten 
both of 99.5 % purity for TiO2-W coatings. The reactive sputtering process was performed with the 
addition of oxygen. A dual channel Advanced Energy Pinnacle Plus power supply operated in pulsed 
DC mode was used to power the magnetrons. The flows of oxygen and argon were controlled using 
mass-flow controllers. The process of sputtering the TiO2 photocatalyst onto glass and BaTiO3 
particulates was carried out using a bespoke oscillating bowl for the uniform coating of the particulates. 
This type of method has been used previously as it rotates the particulates around the bowl and induces 
a vibration, spinning the particulates on their axis in order to try and achieve a more uniform coating. 
[136, 137]. 
 
Figure 23 – Bespoke oscillating bowl used for deposition of photocatalysts onto particulates showing 
the rotational motion for uniform coating. A) Left side view, B) Top view. 
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3.2 Hysteresis of Reactive Gas Pressure and Voltage 
 
Reactive gas sputtering forms reactive products on the target surface, which can affect the electrical 
properties of the target and the plasma discharge, which can in turn affect the deposition rate. If there 
is too much reactive gas present, such as oxygen, the target’s surface can become ‘poisoned’ with a 
compound layer, for example a titanium target’s surface can be covered in TiO2. As a result of this the 
deposition rate can be significantly reduced [167]. A hysteresis behaviour occurs after increasing the 
reactive gas flow rate as, due to the reduced deposition rate, a lower amount of reactive gas is required 
to return the target to a metallic sputtering regime. A hysteresis experiment was carried out, which 
involves the steady increase of oxygen flow, from a specified minimum, into the magnetron sputtering 
chamber and allowing the voltage and pressure within the chamber to stabilise. Following the increase 
in oxygen flow and until a maximum flow is used the process is repeated but in the reverse direction 
(oxygen flow is progressively reduced from a maximum to a minimum). Hysteresis behaviour is 
typically observed for both chamber pressure and discharge voltage. Where the oxygen flow is kept low 
a high deposition rate and low reactive gas partial pressure is observed and the deposition mode is 
defined as metallic mode. Contrary to this, where oxygen flow is high, a low deposition rate and high 
partial pressure of reactive gas is observed. This deposition mode is defined as poisoned mode. Some 
materials show little or no hysteresis behaviour due to their absence of reactive gas poisoning, however 
deposition of titanium dioxide causes a strong hysteresis. In order to deposit stoichiometric films at high 
deposition rates, the system should be operated in the transition regime between metallic and poisoned 
modes. Hysteresis behaviour can be reduced by significant increases of the pumping speed, however 
this solution is not cost-effective. 
 
 
Figure 24 – Hysteresis of the sputtering of TiO2 in the magnetron sputtering chamber used for the 
production of photocatalytic coatings   
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3.3 Initial Coating of Titanium Dioxide onto Glass Particulates 
  
The magnetron sputtering of TiO2 coatings onto glass particulates was initially carried out in order to 
determine the feasibility of coating TiO2 using magnetron sputtering and obtaining a coating with good 
photocatalytic activity. One of the main concerns was obtaining a stoichiometric TiO2 and whether the 
coating would be uniformly distributed around the whole of the glass particulates. For the initial 
coatings of TiO2 onto glass a 1, 2 and 3 hour coating was produced, information on the parameters used 
during the sputtering process can be seen in table 7.  
Table 7 – Magnetron sputtering parameters including deposition time, frequency, duty and oscillating bowl power 















1 1000 150 3.3 70 - 500oC for 
1 hour 
2 1000 150 3.3 70 - 500oC for 
1 hour 
3 1000 150 3.3 70 - 500oC for 
1 hour 
* Oscillating power refers to the power supplied to the electromagnet which imparts oscillating 
motion to the particulates. 
  
Figure 25 – Image of uncoated glass particulates (left,) as-deposited TiO2 coated glass particulates 
(middle) and  TiO2 coated glass particulates annealed at 500
oC (right).  
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3.3.1 Surface Characterisation 
3.3.1.1 Raman Spectroscopy 
Raman spectroscopy was used to verify the presence of anatase TiO2 on the surface of the coated and 
annealed particulates. Anatase TiO2 has been investigated by Ohsaka and found that characteristic peaks 
occur at wavenumbers 144 cm−1 (Eg), 197 cm−1 (Eg), 399 cm−1 (B1g), 513 cm−1 (A1g), 519 cm−1 (B1g), 
and 639 cm−1 (Eg) [168]. Figure 26 shows a clear increase in the intensity of the characteristic anatase 
peak at 144cm-1 and shows that the surface coverage of TiO2 increases from 1 to 3 hours, indicating 
that the 1 hour coating does not achieve maximum coverage of the glass particulate and that increasing 
the deposition time to 3 hours achieves a better distribution of TiO2.  Increase in deposition time 
increases the intensity of the anatase peaks, indicating a higher concentration, crystallinity or 
distribution of anatase upon the glass beads surface, since Raman intensity is directly linked to these 
parameters [169]. It is expected that the 3 hour coated glass particulates would then have more active 
sites for oxidation and reduction reactions to take place at the surface and hence have a higher 
photocatalytic activity. The estimated thickness of coatings from 1-3 hours is ~250-1500nm, based on 
coatings of titanium dioxide on flat substrates and measured with Detak profilometry [23]. 
 
Figure 26 – Raman spectra of 1, 2 and 3 hour TiO2 coated glass particulates with a frequency of 150 
kHz, a duty of 3.3μs and oscillating power of 70% 
3.3.1.2 SEM 
SEM imaging was performed to ascertain the coatings characteristics, including surface topography, 
coating uniformity and coating coverage. The coating appears to cover the majority of the surface, 
however it seems that the coating uniformity is not totally consistent due to what seems to be patches 
where the coating is absent. This could be due to poor mechanical adhesion, wear from oscillation or 
insufficient sputtering. 
 
Samuel Charles Capp  PhD 13113042 
84 
 
   
Figure 27 – SEM images of uncoated glass particulates (top left) and 3 hour TiO2 coated glass 
particulates (top right). EDX spectra of uncoated glass particulates (bottom left) and EDX spectra of 
3 hour TiO2 coated glass particulates (bottom right) 
3.3.1.3 XRD 
Due to the large spherical nature of the particulates, XRD analysis proved to be unsuccessful in 
producing any successful spectra for titanium dioxide coatings onto glass particulates. This was also 
consistent for other coatings discussed in this chapter.  
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3.3.2 Photocatalytic Activity 
The 1, 2 and 3 hours coatings were placed within the methylene blue solution, in the dark, and stirred 
until an equilibrium between absorption and desorption was achieved. The rate of degradation of 




Figure 28 – Photocatalytic activity of 1, 2 and 3 hour TiO2 coated glass particulates using the 
methylene blue degradation method. 
Figure 28 shows the photocatalytic activity (rate of degradation of methylene blue) for non-coated glass 
particulates and TiO2 coated glass particulates. Photocatalytic activity increased with the addition of an 
annealed TiO2 coating and also increased with deposition time, from 1 to 3 hours. However, there is no 
apparent increase from 2 to 3 hours, this suggests the maximum coverage of photocatalytic sites after 
~2 hours and a saturation of photocatalytic activity. The 3 hour TiO2 coated thin film increased the 
photocatalytic activity by 76% compared to uncoated glass particulates. The existence of photocatalytic 
TiO2 on the glass bead surfaces would produce OH. and H+ radicals from the water in the methylene 
blue solution which reacts and decomposes the methylene blue dye. An increase in deposition time 
increases the TiO2 coverage, hence providing more electron-hole pairs to produce OH. and H+ which 
react with methylene blue and C–S+=C forms C–S(=O)–C which leads to the break-up of the aromatic 
ring causing the degradation of methylene blue [170].  
Tests using non-coated glass particulates still cause degradation of methylene blue, due to irradiation 
by UV, however, this is not due to photocatalytic activity [171].  




Deposition of 1, 2 and 3 hour TiO2 coatings onto 2mm glass particulates was carried out to investigate 
the feasibility of magnetron sputtering for photocatalytic preparation. Post deposition annealing was 
carried out at 500oC to obtain an anatase phase. Surface characterisation performed by Raman 
spectroscopy confirmed the presence of anatase on the 2 mm glass particulates. Increasing the 
deposition time from 1 to 3 hours increased the presence of anatase TiO2 on the glass surface. 
Photocatalytic testing using the methylene blue method was carried out and showed an increase of 
photocatalytic activity by up to 76% compared to no coating. 
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3.4 Factorial Design of Experiments to Investigate Various Sputtering 
Parameters of Titanium Dioxide Coatings on Glass Particulates 
 
A 4th order factorial design of experiments (DoE) was utilised in order to investigate the effect of pulse 
frequency (kHz) and pulse on time (μs) of the applied power, deposition time (hr) and oxygen flow 
(sccm) on the stoichiometry, and crystallinity and photocatalytic activity of sputtered samples and gain 
a further understanding of the magnetron sputtering process and its effect on photocatalytic coatings. 
Table 8 shows the coatings parameters chosen for investigation for the DoE. This offered the most 
efficient process in order to optimise photocatalytic coatings onto the particulates for use in the PBR. 
Depending on the type of factorial experiment, it can ensure that in each complete trial or replicate of 
the experiment all possible combinations of factors are investigated. The effect of each factor is 
estimated by the change in the measured response. The response in this case is the photocatalytic 
activity. 
Table 8 – Coating parameters for the design of experiments of TiO2 coated glass particulates. 
Frequency (kHz) Duty (μs) Deposition Time (hr) Oxygen Flow (sccm) 
125 3.3 1 6.5 
150 3.3 3 15 
150 3.3 1 6.5 
150 2.5 3 15 
150 2.5 1 6.5 
125 3.3 1 15 
125 3.3 3 6.5 
150 2.5 3 6.5 
125 2.5 1 15 
150 3.3 3 6.5 
125 2.5 3 15 
125 2.5 3 6.5 
150 2.5 1 15 
125 2.5 1 6.5 
150 3.3 1 15 
125 3.3 3 15 




3.4.1 Surface Characterisation of Titanium Dioxide Coated Glass Particulates 
3.4.1.1 Raman Spectroscopy 
Raman spectroscopy showed the presence of anatase TiO2 on the surface of the all coated and annealed 
particulates. A clear increase in the intensity of the characteristic anatase peak at 144 cm-1 shows that 
the surface coverage of TiO2 increases from 1 to 3 hours, these results are in agreement with the initial 
TiO2 coatings on glass particulates. There is no real effect on the intensity of anatase when changing 
frequency, duty or oxygen flow, see figure 29. Table 9 shows the intensity of the anatase peak at 144 
cm-1. 
 
Figure 29 – Raman spectra of the DoE TiO2 coated glass particulates 
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Table 9 – Intensity of 145cm-1 characteristic anatase peak of factorial design of experiments TiO2 coatings on 
glass particulates 
Coating Parameters Deposition Time Intensity at 
145cm-1 (A.B.U) 
125 kHz, 2.5 µs, 6.5 sccm 1 5.69 
125 kHz, 2.5 µs, 6.5 sccm 3 45.56 
125 kHz, 2.5 µs, 15 sccm 1 3.10 
125 kHz, 2.5 µs, 15 sccm 3 23.92 
125 kHz, 3.3 µs, 6.5 sccm 1 10.59 
125 kHz, 3.3 µs, 6.5 sccm 3 33.71 
125 kHz, 3.3 µs, 15 sccm 1 5.98 
125 kHz, 3.3 µs, 15 sccm 3 21.04 
150 kHz, 2.5 µs, 6.5 sccm 1 8.01 
150 kHz, 2.5 µs, 6.5 sccm 3 47.38 
150 kHz, 2.5 µs, 15 sccm 1 6.01 
150 kHz, 2.5 µs, 15 sccm 3 34.27 
150 kHz, 3.3 µs, 6.5 sccm 1 10.72 
150 kHz, 3.3 µs, 6.5 sccm 3 20.08 
150 kHz, 3.3 µs, 15 sccm 1 12.32 
150 kHz, 3.3 µs, 15 sccm 3 33.83 
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 3.4.1.2 SEM 
SEM imaging shows an increase in coating coverage from the 1 hour to the 3 hour coatings, as 
demonstrated in figure 30, when comparing images B and D (1 hour deposition time) and images C and 
E (3 hour deposition time).The effect of the frequency, duty and oxygen flow does not seem to show 
any significant difference on the topography of the coatings. Cross sectional analysis was unable to be 
performed due to the nature of the spherical substrate and so further optical analysis could not be 
performed. Although the coatings showed relatively consistent coverage, the motion of the particulates 
constantly rotating and oscillating mean that the whole of the particulate would not always receive a 
consistent fluence of sputtered particles resulting in the rougher appearance.  
 
Figure 30 – SEM images of TiO2 coated glass beads, (A) glass particulate no coating, (B) 3.3 μs, 150 
kHz, 6.5 sccm, 1 hr (C) 3.3 μs, 150 kHz, 6.5 sccm, 3 hr (D) 3.3 μs, 150 kHz, 15 sccm, 1 hr (E) 3.3 μs, 








XPS spectroscopy of 100 µm by 100 μm areas was carried out on select samples to analyse the 
stoichiometry of the surface of the particulates without coating and with coating and enable an 
understanding of the role that the surface coatings could play in non-thermal plasma experiments. The 
XPS spectroscopy of the glass particulates showed an absence of Ti 2p, 3s and 3p orbitals and showed 
strong peaks at Si 2s and Si 2p orbitals. After coating for 3 hours strong Ti 2p, 3s and 3p orbitals were 
present. As seen in Figure 31, Ti 2p peaks at 458, 464 and 471 eV, Ti 3s peaks at 62 eV and Ti 3p peaks 
at 36 eV. As seen in figure 32, the characteristic peak at 458 eV indicates a presence of TiO2 due the 
Ti4+ state [172],  whereas metallic Ti is usually at 454 eV [173, 174]. A large decrease in Si 2s and Si 
2p orbitals at 154 and 103 eV respectively was observed after coating the glass particulates with TiO2. 
This illustrates the coating method was successful in depositing TiO2 c onto the glass particulates. A 
small increase in O 2s peak strength was observed however, this is not significant enough to discuss. 
Figure 31 – XPS spectroscopy of glass particulates without coating and glass particulates with 3 hour 
TiO2 coating. (frequency – 150 kHz, duty – 3.3 µs, oxygen – 6.5 sccm). 
 




Figure 32– XPS spectroscopy of glass particulates with 3 hour TiO2 coating (frequency – 150 kHz, 
duty – 3.3 µs, oxygen – 6.5 sccm), showing 458 Ti2p peak. 
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3.4.2 Photocatalytic Activity 
All the experimental designs and results were statistically analysed using Minitab®. Figure 33 displays 
the main effect plot which shows the how the factors effect the mean response, in this case, the 
photocatalytic activity, for the factors of applied frequency, duty, deposition time and oxygen flow rate. 
Figure 34 is a Pareto chart of the standardised effects which shows the largest effect to the smallest 
effect. The vertical line at an absolute value of 2.04, indicates which effects are statistically significant, 
this is based on an alpha value of 0.05 which represents a confidence level of 95%. Finally, Figure 35 
shows the interaction plot which shows the relationship between the factors and the response. A parallel 
line indicates that no interaction occurs whereas, non-parallel lines indicate the interaction. 
 
Figure 33 – Main effects plot of duty, deposition time, frequency and oxygen flow with a response of 
photocatalytic activity. Frequency (kHz), Duty (μs), Deposition time (hours), Oxygen flow (sccm). 
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Figure 34 – Pareto chart of the standardised effects of duty, deposition time, frequency and oxygen 
flow with a response of photocatalytic activity 
Figure 35 – Interaction plot of duty, deposition time, frequency and oxygen flow with a response of 
photocatalytic activity 


















125 kHz 2.5 μs 6.5 sccm 279 2.22 3.59 0.025 
125 kHz 3.3 μs 6.5 sccm 248 1.12 4.04 0.019 
125 kHz 2.5 μs 15 sccm 266 2.14 3.76 0.028 
125 kHz 3.3 μs 15 sccm 233 2.81 4.29 0.055 
150 kHz 2.5 μs 6.5 sccm 261 1.50 3.84 0.020 
150 kHz 3.3 μs 6.5 sccm 231 2.33 4.35 0.062 
150 kHz 2.5 μs 15 sccm 248 4.41 4.03 0.075 
150 kHz 3.3 μs 15 sccm 216 2.46 4.65 0.070 
 
3.4.3. Effect of Operating Parameters 
The effect of the frequency is a critical factor effecting the photocatalytic activity of the deposited 
coatings, according to figure 33 and figure 34. The mean photocatalytic activity was increased by 22% 
by decreasing the frequency of the DC pulse to 125 kHz from 150 kHz. Pareto analysis shows that 
frequency, when analysing individual parameters and not in combination, has the second largest effect 
on the photocatalytic activity. It has been proven that for mid-frequency pulsed dc magnetron sputtering, 
film structure is governed by the ion to atom ratio incident at the substrate [175, 176]. Ion energy flux 
to the substrate increases with frequency and decreases with duty. Ratova et al found the impact of the 
frequency is not as important as the impact of the duty [177], in the experiments shown the frequency 
had a bigger impact on the photocatalytic activity than of the duty, however, both had significant impact 
on the photocatalytic activity of the deposited film. There seems to be no significant interaction when 
S R-sq R-sq (adjusted) R-sq (predicted) 
1.9E-6 92.34% 88.75% 82.77% 
Samuel Charles Capp  PhD 13113042 
96 
 
changing the frequency and duty together. According to the interaction plot analysis in figure 35, the 
frequency along with the deposition time and the oxygen flow had a significant impact of the 
photocatalytic activity. As the ion energy flux to the substrate increases with frequency. Altering the 
frequency and duty effects the current and voltage at the target. It is generally known that sputtering 
yields increase relatively slowly with increasing ion energy or applied voltage, at the same time the 
number of particles striking the cathode is proportional to the current density. Consequently, current is 
a significantly more important parameter for determining the deposition rate rather than voltage. 
However the voltage determines the energy of the argon ions as they collide with the target, this also 
has a significant impact on the coating process. 
The duty or duty cycle had the least significant impact on the photocatalytic activity out of all the critical 
parameters. The time of the off period between two on periods was changed from 2.5μs to 3.3μs. The 
duty cycle has an important role on the argon magnetron plasma properties effecting the deposition 
process and thus the effectiveness of the photocatalyst coating. There are no significant interactions of 
duty on other parameters which effect the photocatalytic activity.  
Increasing the deposition time from 1 to 3 hours increased the photocatalytic activity by 32% on 
average. It was found that the deposition time had the most significant impact on photocatalytic 
properties. The deposition time increases the weight percentage and surface coverage of photocatalyst 
on the substrate. This provides more active sites where photocatalytic reactions can occur and hence 
increases photocatalytic activity. However, the increasing of deposition time for enhanced 
photocatalytic activity eventually reaches a point where there is no significant increase due to over 
saturation and a ceiling in the number of activation sites [178]. 
3.4.4. Summary 
A hysteresis test of reactive gas pressure and voltage was performed and found that the transition 
between metallic sputtering and poisoned mode was around 6-6.5sccm of oxygen flow. A factorial 
design of experiments was carried out to investigate the effect of various sputtering parameters on the 
photocatalytic TiO2 glass beads. It was found that the deposition time, frequency and duty all had a 
significant effect on the photocatalytic activity of the produced TiO2 photocatalysts. Optimum 
conditions were a frequency of 125 kHz, duty of 2.5 µs and a deposition time of 3 hours. 
  
Samuel Charles Capp  PhD 13113042 
97 
 
3.5 Coatings of Titanium Dioxide on Barium Titanate Particulates 
 
The initial magnetron sputtering of TiO2 coatings onto BaTiO3 particulates was also carried out in order 
to determine the feasibility of depositing TiO2 photocatalysts using magnetron sputtering and obtaining 
a coating with good photocatalytic activity. The main concerns were whether the coating would be 
uniformly distributed around the whole of the BaTiO3 particulates to obtain a good stoichiometric TiO2 
coverage and the adhesion of the TiO2 coating onto the BaTiO3 particulates due to the different surface 
topography of the BaTiO3 particulates in comparison to the smoothness of the glass particulates. The 
preparation of BaTiO3 particulates by CATAL international was by the sintering of BaTiO3 powders. 
This process made the BaTiO3 particulates surface rather fragile.  Due to the fragile nature of the BaTiO3 
particulates surface, CATAL international recommended annealing at high temperature for 4 hours. 
Therefore, annealing at 1100oC for 4 hours was carried out prior to any deposition, this managed to 
reinforce the robustness of the surface to allow better adhesion of the deposited coating. Along with 
changing the pre-treatment of the BaTiO3 particulates it was decided that increasing the deposition time 
compared to the glass particulates was necessary due to an increased surface area of the BaTiO3. Finally, 
upon coating of BaTiO3 during the run of 125 kHz and 2.5μs arcing was experienced, however it was 
more stable at 150 kHz and 3.3μs hence, coatings using these parameters were chosen.   
















3 1000 150 3.3 70 1100oC for 
4 hours 
- 
3 1000 150 3.3 70 1100oC for 
4 hours 
500oC for 1 
hour 
6 1000 150 3.3 70 1100oC for 
4 hours 
500oC for 1 
hour 
9 1000 150 3.3 70 1100oC for 
4 hours 
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3.5.1 Surface Characterisation 
3.5.1.1 Raman Spectroscopy 
Surface characterisation of BaTiO3 particulates was carried out to analyse the TiO2 coating after 
deposition. As seen in graph B, figure 36, the analysis through Raman spectroscopy of the BaTiO3 
particulates confirmed an anatase presence on the BaTiO3. The characteristic anatase peak at 144 cm-1 
and 399 cm-1 was clearly visible along with the characteristic peaks of BaTiO3, which can be seen on 
graph A, figure 36.  
 
Figure 36 – Raman spectra of – (A) BaTiO3 particulates no coating (B) BaTiO3 particulates with 
TiO2 coating annealed at 500
oC for 1 hour. 
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3.5.1.2 SEM  
Figure 37 and figure 38 show the surface of BaTiO3 particulates after coating with TiO2-W. The surface 
of the BaTiO3 particulates compromises of small micro particles sintered together, this is due to the 
process of forming the particulates from powder when manufactured by CATAL international. As seen 
in figure 37 and figure 38 it appears that upon coating the gaps between the micro particles are ‘filled 
in’ by the sputtered TiO2, this could have various effects on its average pore size and surface area. 
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Figure 37 – (A and B) SEM images of non-coated BaTiO3 surface, (C and D) BaTiO3 coated with 
TiO2 for 3 hours, (E and F) BaTiO3 coated with TiO2 for 6 hours, (G and H) BaTiO3 coated with TiO2 
for 9 hours. 
 




Figure 38 – (A and B) SEM images of non-coated BaTiO3 surface, (C and D) BaTiO3 coated with 
TiO2 for 3 hours, (E and F) BaTiO3 coated with TiO2 for 6 hours, (G and H) BaTiO3 coated with TiO2 
for 9 hours. 
 
 




XPS spectroscopy of 100µm by 100μm areas was carried out to analyse the stoichiometry of the surface 
of the BaTiO3 particulates and enable an understanding of the role that the surface coatings could play 
in non-thermal plasma experiments. Figure 39 shows the XPS spectroscopy of the TiO2 coated BaTiO3 
particulates showed an increase of Ti 3p orbitals at 36eV and a strong decrease in Ba 3d, 4p and 4d 
orbitals. This illustrates an increased surface coverage of Ti compared to Ba due to the 3 hour TiO2 
coating.  
 
Figure 39 – XPS spectra of BaTiO3 without coating and after coating with TiO2 for 3 hours via 
magnetron sputtering. 
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3.5.2 Photocatalytic Activity 
The photocatalytic activity was measured to see the effects of the coatings on the BaTiO3 particulates 
and to see if the deposition of the photocatalytic coating was successful with the parameters used. It is 
unfair to compare these results to the glass beads as a lower amount of beads were used at 1.5g per 50ml 
of methylene blue solution. On top of this the BaTiO3 particulates have a higher surface area than the 
glass particulates. 
 
Figure 40 – Photocatalytic activity of 1, 2 and 3 hour TiO2 coated BaTiO3 particulates using the 
methylene blue degradation method. 
Photocatalytic activity of the TiO2 coated BaTiO3 particulates in comparison to the uncoated BaTiO3 
once annealed showed an increase of 4 times to a photocatalytic activity of 1.48E-5. This proves that 
the annealing process is significant and supports the theory that the TiO2, is amorphous upon deposition 
on the BaTiO3. The annealing process clearly converts the amorphous TiO2 coating into a 
photocatalytically active one, as seen by the enhancement of photocatalytic activity, the most likely 
crystalline phase obtained is the anatase TiO2 structure as the annealing process was identical to that of 
the TiO2 coated glass particulates. Evidence of this can be seen in the XPS results and confirmed by 
Raman spectroscopy, seen in figure 39 and figure 36 respectively. However, the increase of deposition 
time to 6 and 9 hours did not further increase the photocatalytic activity as expected. Maximum surface 
coverage could have been achieved with the 3 hours deposition and so could be the explanation behind 
the photocatalytic activity staying constant with increasing deposition time. 
  




Coating of 3, 6 and 9 hour TiO2 coatings were deposited onto BaTiO3 particulates to investigate the 
feasibility of magnetron sputtering for photocatalytic preparation. Post deposition annealing was carried 
out at 500oC to obtain an anatase phase. Maximum surface coverage and saturation of the substrate was 
achieved at 3 hours deposition. XPS analysis shows the presence of a TiO2 coating on the BaTiO3. 
Raman spectroscopy confirmed the presence of anatase TiO2 on the BaTiO3. TiO2 coated BaTiO3 which 
was as-deposited showed little photocatalytic activity eluding to an amorphous non-photocatalytic 
coating. Photocatalytic testing using the methylene blue method was carried out and showed an increase 
of photocatalytic activity with the annealed TiO2 coated BaTiO3 by up to 400% compared to uncoated 
BaTiO3. Photocatalytic testing using the methylene blue method was carried out and showed an increase 
of photocatalytic activity with the annealed TiO2 coated BaTiO3 by up to 283% compared to the 
unannealed TiO2 coated BaTiO3. 
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3.6 Deposition of Tungsten-Doped Titanium Dioxide Coatings on Glass 
Particulates 
TiO2-W coatings have been deposited using two planar unbalanced type II magnetrons onto glass 
particulates as a precursor to depositing TiO2-W onto BaTiO3 particulates to investigate the effect of 
doping on the coatings properties including crystallinity and photocatalytic activity. All coatings were 
deposited in a two target magnetron sputtering rig which was pumped down to a base pressure of 1×10-
3 Pa. Two 300 mm x 100 mm type II unbalanced planar magnetrons were used with targets of titanium 
and tungsten of 99.5% purity. The reactive sputtering process was carried out in an argon/oxygen 
atmosphere. A dual channel Advanced Energy Pinnacle Plus power supply operated in pulsed DC mode 
was used to power the magnetrons.  Tungsten has been investigated as a dopant in TiO2 photocatalysis 
due to effective reduction of the bandgap in previous literature [179-181] however, it has previously 
been found that excessive tungsten within the matrix can be ineffective in terms of photocatalytic 
activity. Sputtering conditions from previously optimised tungsten-doped coatings were used, this 
required to power to the tungsten target to be 80 W [23]. The titanium target parameters were kept the 
same as the previous coatings on BaTiO3. Post deposition annealing to 600oC for 30 minutes to obtain 
an anatase TiO2 phase due to previous work [23]. Conditions for the coatings can be seen below in table 
13. 







































1 1000 80 150 100 3.3 2.5 70 - 600oC for 
30 mins 
2 1000 80 150 100 3.3 2.5 70 - 600oC for 
30 mins 
3 1000 80 150 100 3.3 2.5 70 - 600oC for 
30 mins 
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3.6.1 Surface Characterisation 
3.6.1.1 Raman Spectroscopy 
Raman surface characterisation of coated glass particulates were carried out in order to determine the 
crystallinity of the coating upon adding the tungsten dopant. TiO2 coated particulates doped with 
tungsten showed an anatase phase along with a WO3 phase. WO3 has characteristic Raman peaks at 
218, 253 274, 320, 711, 806 cm-1 [182, 183]. The peak at 926 cm-1 could be due to the bonding of 
tungsten to titanium and then forming a tungsten-titanium oxide similar to BaWO4 or Fe2(WO4)3 which 
has characteristic peaks at 940 cm-1 and 1036 cm-1 respectively [184].  
Figure 41 – Raman spectra of 1,2 and 3 hour TiO2 coated glass particulates (left) and 1,2 and 3 hour 
TiO2-W coated glass particulates (right) 
3.6.1.2 SEM 
 Figure 42 shows SEM images of the glass particultes before and after coating of TiO2-W. Glass 
particulates coated with TiO2-W shows similar coating coverage as TiO2 coatings presented in figure 
30. .  
Figure 42 – SEM images of the glass particulate’s surface without coating (left) and with TiO2-W 3 
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Figure 43 shows EDX images of an uncoated glass particulate and TiO2-W coated particulate. The 
image confirms that the dispersion of the coating is uniform, which allow maximum active sites for 
photocatalytic reactions. 
Figure 43 – EDX spectra of the glass particulate’s surface without coating (left) and with TiO2-W 3 
hour coating (right). 
 
3.6.1.3 XPS 
XPS spectroscopy of 100 µm by 100 μm areas was carried out to analyse the stoichiometry of the 
surface of the glass particulates coated with TiO2 and TiO2-W and enable an understanding of the role 
that doped surface coatings could play in non-thermal plasma experiments. The XPS spectroscopy of 
the TiO2-W glass particulates show peaks of W 4f at 35 and 37.2eV, W 4d at 248 eV and W 4p at 458 
eV, which agree with literature [185]. Typical W 4f peaks of WO3 appear at 38.1 and 36 eV according 
to thermo scientific whereas W metal is present at 33.7 eV and 31.6 eV. A W metal loss feature is also 
present at 37 eV [186]. Peaks corresponding to W 4f overlap with Ti 3s peaks in XPS, Sathasivam et al 
found that W 4f7/2 peaks at 35 eV corresponded to W6+ [180]. Impurities of Bi were detected on the 
non-coated glass particulates. This illustrates that the presence of WO3 is present along with TiO2 on 
the BaTiO3 particulates. 
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Figure 44 – (A) XPS spectra of glass particulates with 3 hour coating of TiO2 and glass particulates 
with 3 hour TiO2-W coating. (B) Focussed XPS scan of glass particulates with 3 hour TiO2-W coating 
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3.6.2 Photocatalytic Activity 
 
 
Figure 45 – Photocatalytic activity of 1, 2 and 3 hour TiO2-W coated glass particulates using the 
methylene blue degradation method. 
 
Photocatalytic testing, see figure 45, showed that the TiO2-W glass coated samples showed higher 
photocatalytic activity than the TiO2 coatings. The TiO2-W coatings showed an increase in 
photocatalytic activity compared to non-coated glass particulates by up to 4 times with a photocatalytic 
activity of 1.78E-5 s-1, this was achieved by the 3 hour coating. Increasing the deposition time from 1 
to 3 hours increased the photocatalytic activity by 2.4 times from a photocatalytic activity of 7.4E-6 s-1 
for the 1 hour coating. Increased surface coverage would provide more active sites for the degradation 
of methylene blue. TiO2-W coatings showed an increase in photocatalytic activity compared to TiO2 
coated glass particulates by up to 2 times.  
3.6.3. Summary 
1,2 and 3 hour TiO2-W coatings were deposited onto glass particulates to investigate the feasibility of 
magnetron sputtering for photocatalytic preparation and investigate the effect of doping on the 
photocatalytic performance. Post deposition annealing was carried out at 600oC, a mixture of anatase 
and tungsten oxide crystalline phases were present. XPS spectroscopy confirmed the presence of TiO2 
and WO3 on the glass particulates. Increasing the deposition time from 1 to 3 hours increased the 
photocatalytic performance of the coating. Photocatalytic testing using the methylene blue method was 
carried out and showed an increase of photocatalytic activity with the annealed TiO2-W by up to 200% 
compared to the TiO2 coated glass particulates. This shows successful enhancement of photocatalytic 
activity due to W doping.  
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3.7 Deposition of Tungsten-Doped Titanium Dioxide Coatings on Barium 
Titanate Particulates 
 
TiO2-W coatings have been deposited onto BaTiO3 particulates for use in the packed bed dielectric 
barrier discharge. Deposition was carried out with a pulse frequency of 150 kHz, a pulse on time of 3.3 
µs and power of 1000 W. The flows of oxygen and argon were controlled using mass-flow controllers 
and fixed to 11.5sccm and 15sccm respectively. Heat treatment was performed in an air filled muffle 
furnace, model Carbolite 3000. TiO2-W films were annealed to 600˚C for 30mins to obtain an anatase 
phase. Deposition parameters can be seen below in table 14. 
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3.7.1 Surface Characterisation  
3.7.1.1 SEM 
SEM imaging, see figure 46-48 was performed primarily in order to investigate the effect of deposition 
time on the coverage of TiO2 on the glass particulates. SEM images taken at a magnification of 5,000x 
showed a visual image of the substrate pre and post coating. It can be seen that the surface roughness is 
significantly higher for the BaTiO3 particulates than the glass particulates. The surface area of the 
BaTiO3 was calculated to be 0.7091 m²/g by BET surface area analysis whilst the glass particulates had 
a calculated surface of 0.0013 m²/g. It can be seen that the surface of the BaTiO3 particulates changes 
upon deposition, the addition of TiO2 seems to fill in the ‘gaps’ and cover the BaTiO3 particulates 
surface.  
 
Figure 46 – (A and B) SEM images of non-coated BaTiO3 surface and (C and D) BaTiO3 coated with 
TiO2-W for 3 hours. 
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Figure 47 – (A and B) SEM images of non-coated BaTiO3 surface and (C and D) BaTiO3 coated with 
TiO2-W for 3 hours. 
 
Figure 48 – EDX spectra of BaTiO3 (top left) and BaTiO3 coated with TiO2-W (top right). EDX 
mapping of BaTiO3 (bottom left) and BaTiO3 with 3 hour TiO2-W (bottom right). 




XPS spectroscopy of 100µm by 100μm areas was carried out to analyse the stoichiometry of the surface 
of the BaTiO3 particulates coated with TiO2 and TiO2-W and enable an understanding of the role that 
doped surface coatings could play in non-thermal plasma experiments. Figure 49 shows the XPS 
spectroscopy of the BaTiO3 particulates coated with TiO2-W show peaks of W 4f at 35.5 eV and 37.4 
eV, W 4d at 248 and W 4p at 458 eV. A reduction in the Ba 3d peaks can also be seen. This also 
illustrates that the presence of WO3 is present along with TiO2 on the BaTiO3 particulates. 
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Figure 49 – (A) XPS spectra of glass particulates with 3 hour coating of TiO2 and BaTiO3 
particulates with 3 hour TiO2-W coating. (B) Focussed XPS scan of BaTiO3 particulates with 3 hour 
TiO2-W coating showing Wf peaks. 
B 
A 
Samuel Charles Capp  PhD 13113042 
115 
 
3.7.2 Photocatalytic Activity 
The photocatalytic activity of the TiO2-W coated BaTiO3 particles increased by 12.5 times compared 
to uncoated BaTiO3 and by up to 3 times in comparison to the TiO2 coated BaTiO3 as seen in figure 50. 
As stated previously, tungsten doping has been used to improve the photocatalytic activity of TiO2 
catalysts. It is thought that using tungsten as a dopant enables the release of up to two electrons for 
every one dopant atom [80, 187]. This is advantageous as it allows the use of low dopant levels that 
reduce defect concentrations and hence reduce scattering of charge carriers. Tungsten is an ideal dopant 
because it is soluble in a TiO2 matrix since it commonly occurs in the 6+ oxidation state and in that state 
has a smaller ionic radius than Ti4+ [80, 187]. This can lead to better conductivity and transparency 
compared to other dopants such as niobium and tantalum.  
Furthermore, tungsten doping of TiO2 has multiple advantages, as it is known to enhance the 
photocatalytic activity by reducing charge carrier recombination and by increasing light absorption in 
the visible portion of the spectrum [188]. The effect of doping TiO2 with tungsten on the bandgap and 
electron-hole transport can be seen in figure 4. 
 
Figure 50 - Photocatalytic activity of BaTiO3, 3 hour TiO2 coated BaTiO3 unannealed and annealed, 3 
hour TiO2-W coated BaTiO3 particulates using the methylene blue degradation method. 
  




Coatings of 3 hour TiO2-W coatings were deposited onto BaTiO3 particulates to investigate the effect 
of doping on the photocatalytic performance. SEM spectroscopy of non-coated BaTiO3 and BaTiO3 
coated with TiO2-W were analysed and compared. XPS spectroscopy of non-coated BaTiO3 and BaTiO3 
coated with TiO2-W were compared and showed the presence of WO3. Annealed BaTiO3 coated with 
TiO2-W for 3 hours and annealed showed the best photocatalytic activity by up to 3 times compared to 



















CHAPTER 4 - EFFECT OF PHOTOCATALYST 
COATED DIELECTRIC PARTICULATES ON OZONE 
PRODUCTION USING A PACKED BED REACTOR. 
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Titanium dioxide (TiO2) films were deposited onto dielectric BaTiO3 particulates for use within a non-
thermal packed bed dielectric barrier discharge reactor. Deposition was performed by a novel single 
stage magnetron sputtering process using two planar unbalanced type II magnetrons in order to produce 
a high quality photocatalytic thin film with uniform distribution. For these experiments BaTiO3 
particulates were coated with TiO2 for 3 hours. Subsequent annealing of the TiO2 samples to 500°C for 
an hour was performed in air in a muffle furnace. Photocatalytic coatings of TiO2 produced onto the 
barium titanate (BaTiO3) particulates which were subsequently annealed showed an increase in 
photocatalytic activity by up to 4 times compared to non-coated BaTiO3.  Coated BaTiO3 particulates 
were placed inside a packed bed dielectric barrier discharge reactor to investigate their effect during the 
plasma process on the production of ozone from an oxygen-nitrogen gas mix. Oxygen and nitrogen 
were flowed into the reactor at various flow rates and feed ratios. Feed ratios were altered to investigate 
their effect on the plasma chemistry with the various packing material. Flow rates tested were in the 
range of 1 standard litre per minute (SLM) to 3 SLM, which give residence times of 0.011 s and 0.0037 
s respectively, in order to investigate the effect of flow rate and specific energy density on the 
production of ozone. The reactors peak to peak voltage was kept at 8.6 kV, the supplied O2:N2 mix of 
3:97 was increased to 21:79 in stages of 3 %. Further to this, and in order to gain a further understanding, 
tests using pure oxygen were also carried out at various specific energy densities for the different 
packing material, the voltage used was at 9.6 kV to increase the discharge energy within the plasma.  
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4.1 Ozone Production 
It is proposed that an investigation of photocatalytic TiO2 coatings onto the packing material of a DBD 
for the production of ozone from oxygen and an O2:N2 mix is carried out to study the effects of the 
photocatalyst on plasma chemistry. Ozone (O3) is a useful oxidant that sees widespread use in water 
treatment due to being effective in sterilization. The production of ozone by dielectric barrier discharges 
is performed at atmospheric pressure and low temperature and requires only air or oxygen, and 
electricity.   The types of dielectric barrier discharge (DBD) reactors employed to produce ozone are 
packed bed DBDs [53, 189], corona discharge reactors [190, 191], parallel plate reactors [192], and 
surface dielectric barrier discharges [12], with packed bed reactors, for a given specific energy density, 
improving energy efficiency up to 12 times. The production of ozone using air flowing through a DBD 
has issues with regards to the production of harmful nitrogen oxides (NxOx). NxOx is a serious pollutant 
and has a huge role in smog and acid rain formation, while also being harmful to inhale. Different types 
of dielectric barrier discharges have been investigated regarding their effect on NxOx formation in air 
plasma however they are difficult to compare due to differences in structure, geometry and excitation 
modes among other factors. As a result different discharges provide different reaction pathways for the 
production of NxOx compounds [193]. Plasma catalysis presents a promising approach to reducing NxOx 
production whilst increasing ozone selectivity, however the relatively low temperatures of dielectric 
barrier discharges can hinder the effectiveness of the catalyst. Photocatalysts, on the other hand, do not 
require high temperatures to be active, instead they are activated by the absorption of photons of high 
enough energy and it is hypothesized that the photons emitted by the plasma will activate the 
photocatalyst.  Photocatalysts have been employed in combination with non-thermal plasma in order to 
increase product yields and increase energy efficiency in a variety of processes [13-15], however the 
combination of photocatalysts with non-thermal plasma for the production of ozone from air is sparse. 
Pekárek et al investigated photocatalysts of TiO2 and zinc oxide in a surface dielectric barrier discharge 
for the production of ozone from air, it was observed that the concentration of ozone increased compared 
to when no catalyst was used [12]. TiO2 catalysts have also been investigated for their effect on NxOx 
reaction pathways and production yields. Jõgi et al implemented TiO2 catalysts in a coaxial dielectric 
barrier discharge to investigate the ozone oxidation of NO to NO2 and N2O5. At high temperatures TiO2 
catalyst was found to improve the efficiency of oxidation of NO2 to N2O5 with a proposal that surface 
species on the TiO2 were responsible for subsequent reactions [194]. The combination of non-thermal 
plasma and photocatalysts has received much attention in recent years [13, 195], however there is still 
a lot of research to be done to further understand the interaction between plasma and catalyst and to 
confirm whether it is due to the photocatalytic effect. The synergy of combining plasma and catalyst 
can be beneficial and lead to an increase in desired product yield and energy efficiency [20, 28, 112].  
Therefore, it is hypothesised that coating the BaTiO3 with TiO2 could have a significant effect on the 
plasma chemistry within the packed bed plasma reactor.  
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4.2 Thin Film Deposition of Titanium Dioxide Photocatalysts onto Barium 
Titanate used in Packed Bed Reactor 
Thin films of TiO2 have been coated using two planar unbalanced type II magnetrons onto BaTiO3 
particulates. All coatings were deposited in a two target magnetron sputtering rig which was pumped 
down to a base pressure of 1×10-3 Pa. A 300 mm x 100 mm type II unbalanced planar magnetron was 
used along with a target of titanium of 99.5% purity. The reactive sputtering process was carried out in 
an argon/oxygen atmosphere. A dual channel Advanced Energy Pinnacle Plus power supply operated 
in pulsed DC mode was used to power the magnetrons. The flows of oxygen and argon were controlled 
using mass-flow controllers and fixed to 11.5 sccm and 15 sccm respectively. Table 15 shows the 
prepared BaTiO3 used in the PBR for ozone production. The process of sputtering the TiO2 photocatalyst 
onto the BaTiO3 particulates was carried out using a bespoke oscillating bowl for the uniform coating 
of the particulates. Heat treatment was performed in an air filled muffle furnace, model Carbolite 3000. 
TiO2 thin films were heated to 500°C for an hour to obtain an anatase phase and left to cool to room 
temperature.  





















3 1000 150kHz 3.3 70 1100oC for 
4 hours 
- 
3 1000 150kHz 3.3 70 1100oC for 
4 hours 
500oC for 1 
hour 
 
4.2.1 Thin Film Characterisation 
Characterisation and analysis of the BaTiO3 particulates coated and used in the non-thermal reactor can 
be seen in CHAPTER 3 - Deposition of photocatalytic coatings onto particulates for use in a packed 
bed dielectric barrier discharge, section 3.5. In summary, TiO2 coated BaTiO3 which was annealed 
showed an increase of photocatalytic activity by up to 400% compared to uncoated BaTiO3 and up to 
283% compared to the unannealed TiO2 coated BaTiO3. 
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4.3 Packed Bed Reactor Experimental Conditions. 
 
This section gives a detailed description of the experimental conditions used for the production of ozone 
using a packed bed plasma reactor. The description of the packed bed reactor used in this work is 
described in CHAPTER 2 - Methodology. The gases were used as delivered and consisted of oxygen 
(99.999%) and nitrogen (99.5%). 
For experiments using an O2:N2 gas mix the peak to peak voltage was kept constant at 8.6 kV, the bead 
sizes were 1-3 mm, the mass of BaTiO3 packing material was constant at 24 g which corresponded to a 
packing volume of 12.3 cm3. The ratio of O2:N2 was investigated from 3:97 to 30:70 in increments of 
3%. The flow rates of 1SLM and 3SLM were investigated. 
For experiments using O2 the peak to peak voltage was kept constant at 9.6 kV, the bead sizes were 1-
3 mm, the mass of BaTiO3 packing material was constant at 24 g which corresponded to a packing 
volume of 12.3 cm3. The flow rates of 0.25 SLM, 0.5 SLM, 1 SLM, 2 SLM and 3 SLM were 
investigated, corresponding to gas residence times of 0.044s, 0.022s, 0.011s, 0.0074s and 0.0037s 




Figure 51 – Schematic of packed bed reactor experimental setup. 
Pure nitrogen and oxygen were controlled by mass flow controllers and entered the packed bed reactor. 
Prior to any experiments nitrogen and oxygen were flowed through the closed system to flush out any 
impurities within the packed bed reactor and FTIR gas cell, in the case of pure O2 experiments only O2 
was used to flush out the closed system. The gases were left flowing before any generation of plasma 
for 10 minutes to ensure the gas flow through the packed bed reactor reached steady state. A background 
scan on the FTIR was taken before the power supply was switched on and subsequent generation of 
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plasma. Electrical readings were taken on three separate occasions at 10, 12 and 14 minutes. This was 
also the case for FTIR readings in order to ensure reliability. Averages were taken and standard error 
was calculated. The following packing material was used and compared to investigate the effects of the 
TiO2 coatings on the plasma chemistry: 
• Non-coated BaTiO3. 
• BaTiO3 coated with TiO2 for 3 hours and unannealed. 
• BaTiO3 coated with TiO2 for 3 hours and annealed in air at 500oC for 1 hour. 
 
4.4 Effect of Titanium Dioxide Coatings on Plasma Chemistry 
This section contains the results of the aforementioned experiments and describes the effect of the TiO2 
coatings on the plasma chemistry of ozone production. This includes a summary of the electrical 
measurements of voltage and current, the species present, their concentration and the optical emissions 
from the plasma.  
 
4.4.1 FTIR analysis 
The effect of photocatalytic coatings on plasma chemistry was investigated, both in pure oxygen, and 
with varying amounts of oxygen mixed with nitrogen.  Figure 52 shows a typical FTIR spectra of the 
outlet gases from an air plasma generated in the packed bed dielectric barrier discharge.  This indicates 
that the main products are NO2, N2O5, N2O and ozone.  In the case of pure oxygen plasma, only ozone 
was detected. Figure 53 shows an example of the species and their peaks using BaTiO3 coated with 
TiO2 for 3 hours and annealed in air at 500oC with a O2:N2 ratio of 21:79. The peaks for Ozone are at 
717 cm-1, 1089 cm-1 and 1152 cm-1 [158], NO2 at 648 cm-1, 1320 cm-1, and 1621 cm-1 [159], N2O at cm-
1, 1285 cm-1, and 2224 cm-1 [157]  N2O5 at 1243 cm-1, 1339 cm-1, 1702 cm-1, and 1742 cm-1 [160]. From 
the standard spectra the area under the peaks were calculated using MatLab (see CODE 2 in Appendix) 
and used in [Eq. 20], along with the calculated area from the measured spectra in order to find the  
concentration of species produced by the packed bed reactor. The peaks used to calculate the 
concentration can be seen in table 5.  
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Figure 52 – Example FTIR spectra for ozone production using a packed bed plasma reactor with a 
peak to peak voltage of 8.6 kV and a frequency of 16 kHz with an inlet gas of 79% nitrogen and 21% 
oxygen of total flow rate 1 SLM and annealed TiO2 coated BaTiO3 packing material. 
 
Figure 53 - Example FTIR spectra for ozone production using a packed bed plasma reactor with a 
peak to peak voltage of 9.6 kV and a frequency of 16kHz with an inlet gas of 100% oxygen of total 
flow rate 0.25 SLM and annealed TiO2 coated BaTiO3 packing material. 
 
  




Figure 54 – Effects of oxygen concentration on a) ozone production b) N2O production, c) NO2 
production and d) N2O5 production for uncoated, coated, and coated and annealed BaTiO3 packing 
material at a residence time of 0.011 seconds, specific energy density of 0.9 kJ/L and a power of 15 
watts. 
Figure 54 represents the effect of photocatalyst on the formation of products and their concentrations 
in oxygen-nitrogen plasmas at a residence times from 0.0111 s (1 SLM). In Figure 54-a it can be seen 
that the annealed TiO2 produced the highest concentration of ozone. Ozone production with the 
annealed TiO2 coated BaTiO3 increased with higher oxygen concentration and was the only packing 
material to produce ozone at a residence time of 0.0111 s. Uncoated BaTiO3 and unannealed TiO2 coated 
BaTiO3 showed minimal generation of ozone. For the annealed TiO2 it is thought that due to its 
photocatalytic activity the formation of electron hole pairs could result in increased reactions of 
electrons with oxygen molecules to form superoxide anions such as O2-,O-, O3- or O2— which cause 
further reactions within the plasma and produce increased ozone production [196]. Increasing the 
residence time by decreasing the flow rate lead to a decrease in ozone generation for the non-coated 
BaTiO3 and the unannealed BaTiO3. The dielectric constant for BaTiO3 can be up to 12,000 [197] in 
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comparison to TiO2 which has a dielectric constant up to 100 [198]. This leads to the formation of a 
strong electric field at the contact points between the particulates, which is thought to cause the 
decomposition of any ozone that is generated in the plasma. Various studies, as summarized by Chen 
et al, confirm that particulates with too high dielectric constants can cause the decomposition of ozone, 
it is theorized that hot spots at the contact points between the particulates cause this decomposition [53]. 
Yuan et al reported that the higher the SED the increased power density, causing the temperature to 
increase and resulting in oxygen atoms being increasingly consumed in non-ozone generating reactions 
and even causing increased ozone destruction due to increased temperature [199]. This is consistent 
with the non-coated BaTiO3 producing little to no ozone. In the case of the unannealed TiO2 coated 
BaTiO3, both the lack of O2- production, and the oxygen vacancies present at the surface of the 
particulates due to an absence of annealing, which act as a sink for the atomic oxygen, reduces the rate 
of production of ozone in comparison to using photocatalytically active annealed TiO2-coated BaTiO3. 
Moreover, the surface of the TiO2 acts as a sink for atomic nitrogen, as oxygen vacancies have a 
significant impact on N2 adsorption, as proved in the case of WO3 by Sun et al and TiO2 by Li et al [200, 
201] leading to a reduced production of N2O. 
 
Figure 54-b shows the production of NO2 with varying oxygen-nitrogen ratio with the different packing 
material at a residence time of 0.0111 s. Firstly, more NO2 is produced with increasing oxygen content, 
this is a result of increased production of active oxygen molecules and atoms in the plasma region 
leading to increase formation of NO2 as illustrated in the reaction pathway, in figure 58. Results showed 
an increase in the formation of NO2 with the increased residence time when uncoated and unannealed 
TiO2-coated beads were used. It is thought that more chemical reactions were taking place when the 
residence time is increased, leading to further formation of NO2. The formation of NO2 relies on 
reactions with atomic oxygen In the case of unannealed TiO2, the concentration of NO2 was less than 
that with uncoated BaTiO3. This is due to the decreased availability of atomic oxygen due to its oxygen 
vacancies that could react with NO to form NO2. The oxygen vacancy effectively leaves a Ti3+ ion, 
which can be thought of as a Ti4+ ion with a localised electron which can act as a adsorption site for 
which can result in an increase in chemical reactivity [202]. Less NO2 was generated in the presence of 
photocatalytically active annealed TiO2. This thought to be due to consuming any produced NO2 in a 
followed-up reaction with ozone to produce N2O5. In these experiments no NO was observed, it is 
thought that all the NO produced was used up in the reactions to form NO2 which can also lead to the 
formation of other NxOx products. Previous research showed little NO production compared to NO2 in 
nitrogen and water vapour plasma using a double dielectric DBD [203].   
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Figure 55 – Representation of an oxygen vacancy in a TiO2 lattice. 
Figure 54-c shows the production of N2O with the various packing materials and with a residence time 
of 0.0111 s. Uncoated BaTiO3 produced the highest concentration of N2O followed by the unannealed 
TiO2 coated BaTiO3, annealed TiO2 coated BaTiO3 produced minimal amounts of N2O. N2O is mainly 
produced via two direct reactions between nitrogen molecules and active oxygen species; and reactions 
between NO2 and nitrogen atoms. In these experiments an absence of NO was detected, instead 
significant presence of N2O was measured. This could be a result of reactor design and its relatively 
low gas temperature as DBD’s with a low gas temperature produce relatively high N2O concentrations 
[193].   
Figure 54-d shows the production of N2O5 with the previously aforementioned conditions. N2O5 is 
mainly formed via a two-stage reaction scheme with NO2 reacting with ozone and oxygen atoms to 
form NO3, followed by further reactions between NO3 and NO2 to form N2O5 [204]. Limited formation 
of N2O5 was detected with uncoated BaTiO3 beads as only small concentrations of ozone are generated 
in this case, and so not enough ozone is formed to complete the reaction to N2O5. N2O5 was formed in 
greater concentrations when coated TiO2 beads were used and it’s concentration increased with 
increasing oxygen concentration, this is a direct result of increased production of active oxygen 
molecules and atoms in the plasma region leading to increased formation of O3 which in turn increases 
the formation of N2O5 as explained the reaction scheme pathway in figure 58, which was created from 
possible reaction pathways from literature [53, 111, 164, 205-209]. Other research also found that in an 
SBD NO3, N2O5 and O3 increased together and on the contrary NO and NO2 increased together [210]. 




Figure 56 – Effects of oxygen concentration on a) ozone production b) N2O production, c) NO2 
production and d) N2O5 production for uncoated, coated, and coated and annealed BaTiO3 packing 
material at a residence time of 0.003 seconds, specific energy density of 0.3 kJ/L and a power of 15 
watts 
Figure 56 shows the effect of increased oxygen content in an oxygen-nitrogen mix with a residence 
time of 0.0037 s (3SLM). Figure 56-a shows the ozone production at this decreased residence time. It 
can be seen that no change was observed for the uncoated BaTiO3 in comparison to a residence time of 
0.0111 s, it remains the fact that minimal ozone is produced. For the annealed TiO2 coated BaTiO3 equal 
amounts of ozone were produced in comparison to the increased residence time of 0.0111 s, the same 
positive relationship of increased oxygen concentration leading to increased ozone production is 
apparent. Decreasing the residence time in the case of the unannealed TiO2 coated leads to less atomic 
oxygen at the vacancy sites, Alhamid et al studied the effect of flow rate on absorption of catalysts and 
found that the lower flow rate lead to higher adsorption [211].  Coupled with the lower dielectric 
constant of the TiO2 coated BaTiO3, leads to lower decomposition of O3 once produced, hence an 
increased concentration of ozone was observed for a lower residence time of 0.003 s. 
Samuel Charles Capp  PhD 13113042 
128 
 
Figure 56-b, which shows the production of NO2 shows the annealed TiO2 coated BaTiO3 produced the 
most, followed by the unannealed TiO2 coated BaTiO3 and then the uncoated BaTiO3. The decreased 
amount of NO2 for the decreased residence time is accounted for by produced O atoms being exhausted 
faster to the gas exit, and limiting the amount of reactions taking place [212]. The increased O3 produced 
by the TiO2 coated BaTiO3, regardless of their heat treatment, due to the lower dielectric constant, leads 
to increased NO2 production through reactions such as [Eq. 25]. 
O3 + NO → NO2 + O2 [Eq. 25] 
Figure 56-c, which shows the production of N2O shows a similar relationship with the NO2. Such that 
uncoated BaTiO3 produced the least, whereas TiO2 coated BaTiO3, regardless of their heat treatment, 
produced larger amounts. However, it can be stated much less concentrations are present at the lower 
residence time of 0.003 s compared to 0.011 s. Again, this is due to excited species being exhausted to 
the exit much sooner. The reason for the increased N2O levels for the TiO2 coated BaTiO3 are the less 
decomposition of ozone due to the reduced electric field and in the case of the annealed TiO2 coated 
BaTiO3, increased O radicals due to the photocatalytic effect. N2O can be produced through by reactions 
seen in [Eq. 26-30].  
O3 + NO → NO2 + O2   [Eq. 26] 
O3 + NO2 → NO3 + O2   [Eq. 27] 
N + NO2 → N2O + O   [Eq. 28] 
NO2 + NO3 → NO2 + NO + O2  [Eq. 29] 
NO3 + NO3 → NO2 + NO2 + O2  [Eq. 30] 
Figure 56-d shows the production of N2O5 at a residence time of 0.0037s. Similarly, to the higher 
residence time of 0.0111 s, the uncoated BaTiO3 produced no N2O5. On the contrary to the higher 
residence time, the unannealed TiO2 coated BaTiO3 produced the most N2O5. This follows with the 
increased O3 produced. The annealed TiO2 coated BaTiO3 showed similar levels of N2O5 to the 
unannealed packing material. Again, it can be seen that much lower concentrations are present with the 
reduced residence time. 
 
  




Figure 57 – Ozone production with 100% O2 against the specific energy density for non-coated 
particulates, unannealed TiO2 coated particulates and annealed TiO2 particulates. 
The effect of photocatalytic material on the generation of ozone in pure oxygen plasma is shown in 
Figure 57.  Results using the unannealed TiO2 coated BaTiO3 show the lowest generation of ozone 
across the range of investigated SED, whilst the annealed TiO2 coated BaTiO3 showed the highest 
generation of ozone across the range of investigated SED. The unannealed TiO2 coated BaTiO3 is 
thought to produce the least ozone due to oxygen vacancies present. The non-coated BaTiO3, even with 
its higher dielectric constant, produces increased ozone in comparison to when the oxygen-nitrogen gas 
mixture is used. The increased electric field, leading to increased dissociation and excitation of oxygen 
is beneficial without nitrogen as no unwanted reactions leading to the decomposition of ozone can 
occur. Ozone is mainly produced in non-thermal plasmas by a two stage reaction scheme with the 
collision of O2 and electrons followed by the three body reaction as seen in [Eq. 32] [212]. The increased 
generation of ozone in the presence of photocatalytically active annealed TiO2 could be due to the 
generation of O2- [196] which in turn increases the formation of ozone via [Eq. 31-33]. 
O2 + e
− → 2O + e−   [Eq. 31] 
O + O2 + O2 → O3 + O2  [Eq. 32]  
O2
− + O → O3 + e
−   [Eq. 33] 
A lower concentration of ozone is produced in pure O2 than in an oxygen-nitrogen gas mixture. This 
could mean that reaction pathways where nitrogen is involved result in ozone production. Osawa et al 
demonstrated that excited N2 can produce O atoms and increase ozone production [213]. 





Figure 58 – Reaction pathways for the production of nitrogen and oxygen species using a packed bed 
dielectric barrier discharge. 
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4.4.2 Electrical analysis 
The instantaneous voltage and current measurements supplied to the PBR were taken to investigate the 
effect of flow rate on the discharge characteristics and to calculate the power supplied to the PBR. The 
measurement interval of the voltage and current is 2E-8 s The electrical characteristics taken at 1SLM 
as seen in figure 59 show larger current pulses in comparison to figure 60 at 3SLM. The same can also 
be seen in figure 61 at 0.25SLM and figure 62 at 3SLM for pure oxygen. Höft et al studied the effect 
of gas flow on the breakdown voltage in flowing O2 and N2, it was observed that the breakdown voltage 
increased with a higher gas flow [214]. Therefore, with an increased gas flow rate the number of 
microdischarges decreases, as seen in figures 59-62, due to an increase in breakdown voltage. This can 
have a significant effect on the number of reactive species being produced and in turn the concentration 
of products produced. 
 
Figure 59 - Electrical characteristics of non-coated BaTiO3, TiO2 unannealed, TiO2 annealed at 21% 
oxygen:79% nitrogen and a residence time of 0.0111 s 
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Figure 60 - Electrical characteristics of non-coated BaTiO3, TiO2 unannealed, TiO2 annealed at 21% 
oxygen:79% nitrogen and a residence time of 0.0037 s 
Figure 61 – Electrical characteristics of non-coated BaTiO3, TiO2 unannealed, TiO2 annealed with 
100% O2 and a residence time of 0.0444 s. 
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Figure 62 – Electrical characteristics of non-coated BaTiO3, TiO2 unannealed, TiO2 annealed with 
100% O2 and a residence time of 0.0037 s. 
  




Thin films of TiO2 were deposited onto BaTiO3 particulates via magnetron sputtering using type II 
unbalanced planar magnetrons, with a deposition time of 3 hours. Raman spectroscopy showed that 
annealing TiO2 coated BaTiO3 beads to 500°C produced an anatase phase. TiO2 coated BaTiO3 
particulates, both unannealed and annealed were placed in a PBR DBD to see their effect on ozone 
generation in an oxygen-nitrogen mix, these particulates were compared with uncoated BaTiO3 Two 
flow rates (1SLM and 3SLM) of the oxygen-nitrogen mix were used which corresponded to residence 
times of 0.0111 s and 0.0037 s respectively. The oxygen-nitrogen gas mixtures were varied from 
3%:97% to 30%:70%. It was measured that coated BaTiO3 enhanced ozone production by up to 80 
times for a residence time of 0.0111 s and up to 10 times for 0.0037 s. Furthermore, the addition of TiO2 
coatings caused a reduction in NO2 and N2O as the TiO2 acts as a recombination site for atomic nitrogen. 
It was also observed that the TiO2 coated BaTiO3 increased N2O5 production as the increase in O3 also 
leads to a decrease in the produced N2O and NO2. It was determined that lower flow rates increased the 
quantity of products produced due to a longer residence time. The ozone production increased when 
annealed TiO2 coatings were used due to O2- production and a reduction of the electric field at the 
contact points in the packed bed dielectric barrier discharge reactor. The uncoated BaTiO3 has a higher 
dielectric constant hence, produces localised hot spots at the contact points causing the decomposition 
of ozone. The unannealed TiO2 coated BaTiO3 had vacant oxygen sites, which acted as a sink for atomic 
oxygen and nitrogen. Therefore, including TiO2 photocatalysts had a positive effect by increasing ozone 
production and reducing nitrogen oxides. It also was observed that the annealed TiO2 had a 
photocatalytic effect due to its enhanced performance compared to unannealed TiO2.  















CHAPTER 5 – A NON-THERMAL PLASMA REACTOR 
COMBINED WITH PHOTOCATALYSTS FOR THE 
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This chapter focuses on the combination of photocatalysts and non-thermal plasma for the dry reforming 
of methane. Photocatalysts TiO2 and Tungsten doped TiO2 coatings (TiO2-W) coatings were deposited 
onto dielectric particulates for use within a non-thermal packed bed dielectric barrier discharge reactor 
to investigate their effects on the dry reforming of methane (DRM). Photocatalytic coatings were 
deposited by a novel single stage magnetron sputtering process using two planar unbalanced type II 
magnetrons with a deposition time of 3 hours. TiO2 coated particulates were annealed to 500°C for an 
hour in air in a muffle furnace to obtain the most photocatalytically active phase. Subsequent 
comparison to TiO2 coated particulates which were not annealed was performed in order to investigate 
whether annealing the samples had an effect on the plasma chemistry. (TiO2-W) were prepared and 
annealed, also to investigate their effect on plasma chemistry. Photocatalytic testing was carried out 
through the degradation of methylene blue under ultraviolet (UV) which can be seen in detail in Chapter 
3. Coated and uncoated BaTiO3 particulates were placed inside a packed bed dielectric barrier discharge 
reactor to investigate their effect on the DRM. A methane / carbon dioxide /argon mixture was used 
with a total flow rate of 2 SLM. The CH4:CO2 ratios of 1:1.5, 1:3 and 1:6, were investigated to give an 
understanding of the reaction mechanisms present and to investigate the effect of these by introducing 
the coated particulates. Finally, experiments were concluded with the gas flow consisting of either 
methane and argon, or carbon dioxide and argon to further indicate potential reaction mechanisms and 
the effect of the photocatalyst coatings. It was determined that the best performing CH4:CO2 ratio was 
1:6 due to increased atomic oxygen, from the degradation of CO2, which reacts with methane. The best 
performing catalysts for the DRM were the annealed TiO2 coated BaTiO3, this was the case for all flow 
regimes, whereas the worst performing catalysts was the annealed TiO2-W catalysts. 
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5.1 Dry Reforming of Methane 
As previously mentioned, methane and carbon dioxide are harmful pollutants and a cause of global 
warming and climate change. The advantage of the DRM process is the use of carbon dioxide, however 
disadvantages such as the coking of the catalyst and the high energy input means further work is needed 
to make the process more attractive [215]. Present routes of DRM through catalysis or plasma processes 
can be seen in figure 63. DRM through the non-thermal plasma routes has many advantages such as 
low energy input, low temperature, and ease of installation. However, in order to make it more attractive 
the energy efficiency and yield should be increased. In this investigation photocatalytic TiO2 and TiO2-
W coatings were deposited onto the packing material BaTiO3 for subsequent use in a PBR for the dry 
reforming of methane. The dry reforming process was carried out in an argon / carbon dioxide / methane 
mix to study the effects of the photocatalyst and plasma interaction. Numerous studies have investigated 
the optimum conditions and utilised catalysts in combination with non-thermal plasma in order to make 
the process more efficient [27, 52, 96, 97, 99, 104-106, 112, 216-224]. Zeng et al used Al2O3 supported 
metal catalysts in combination with non-thermal plasma for the dry reforming of methane and found an 
enhancement of the degradation of methane however, they found that the carbon dioxide degradation 
was not enhanced [99]. Chung et al included LaFeO3 photocatalysts in powder form in a spark discharge 
reactor to increase syngas production from methane and carbon dioxide [13]. However, little has been 
done in adding the catalysts, especially photocatalysts, through a physical vapour deposited coating 
onto high dielectric constant packing material. It is hoped that this technique could enhance conversions 
due to the activation of the photocatalyst by non-thermal plasma whilst not having a negative impact 
on the characteristics of the packed bed reactor. Figure 63 shows various technologies for the DRM. 
The advantage of plasma catalytic DRM is the low temperatures, ease of operation and low energy 
input. 
 
Figure 63 – Technology routes for the dry reforming of methane, taken from Khoja et al [225] 
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5.2 Thin Film Deposition of Titanium Dioxide and Tungsten doped Titanium 
Dioxide Photocatalysts onto Barium Titanate Used In Packed Bed 
Reactor 
Thin films of TiO2 and TiO2-W have been coated using two planar unbalanced type II magnetrons onto 
BaTiO3 particulates. All coatings were deposited in a two-target magnetron sputtering rig which was 
pumped down to a base pressure of 1×10-3 Pa. A 300 mm x 100 mm type II unbalanced planar 
magnetron was used along with a target of titanium of 99.5% purity. The reactive sputtering process 
was carried out in an argon/oxygen atmosphere. A dual channel Advanced Energy Pinnacle Plus power 
supply operated in pulsed DC mode was used to power the magnetrons. Table 16 and table 17 show the 
deposition parameters of the prepared TiO2 coated BaTiO3 and TiO2-W coated BaTiO3, respectively. 
Heat treatment was performed in an air-filled muffle furnace, model Carbolite 3000. TiO2 thin films 
were heated to 500°C for an hour to obtain an anatase phase and left to cool to room temperature. TiO2-
W thin films were heated to 600°C for 30mins to obtain an anatase phase and left to cool to room 
temperature. 
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Characterisation and analysis of the BaTiO3 particulates coated and used in the non-thermal reactor can 
be seen in CHAPTER 3 - Deposition of photocatalytic coatings onto particulates for use in a packed 
bed dielectric barrier discharge, section 3.5 and section 3.7. 
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5.3 Packed Bed Reactor Experimental Conditions 
Initial experiments were carried out to investigate the role that photocatalytic coatings have on the 
degradation of methane and carbon dioxide, the chemical mechanisms involved, the effect of the 
photocatalytic coatings on the plasma chemistry and the effect of the plasma on the photocatalyst. Prior 
to the in-depth testing of the photocatalytic coated packing material, initial experiments as seen in figure 
A1-A3 in the appendix as determined that the optimum frequency of operation was 16 kHz. The 
frequency was kept constant thereon in. The constant variables for these experiments were the frequency 
(16 kHz), bead size (2-3 mm), mass of particulates (50 g), packing volume (24.6 cm3) and total flow 
rate (2 SLM). The measured variables were the peak to peak voltage (7 - 8.25 kV), the CH4:CO2 ratio 
(1:1.5 to 1:6) and the concentration of the output gases. 
Figure 64 shows a schematic of the experimental setup for the DRM. The description of the packed bed 
reactor used in this work is illustrated in CHAPTER 2 – Methodology. 
 
Figure 64 – Schematic of packed bed reactor experimental setup. 
 
Carbon dioxide and methane were mixed with argon and controlled by mass flow controllers before 
entering the packed bed plasma reactor. Prior to any experiments argon was used to flush out any 
impurities within the packed bed reactor and FTIR gas cell. The carbon dioxide and methane were then 
introduced and the system was allowed to reach steady state, which was determined by the intensities 
present, measured by the FTIR. A background scan on the FTIR was taken before the power supply 
was switched on and plasma generated. Electrical readings were taken on 3 separate occasions at 10, 
12 and 14 minutes after plasma was struck. This was also the case for FTIR readings in order to ensure 
reliability. Averages were taken and standard error was calculated. The following packing material was 
used and compared to investigate the effects of the TiO2 and TiO2 coatings on the plasma chemistry: 
• BaTiO3 with no coating 
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• BaTiO3 with a 3 hour TiO2 coating which was not annealed. 
• BaTiO3 with a 3 hour TiO2 coating which was annealed at 5000C for 1 hour. 
• BaTiO3 with a 3 hour TiO2-W coating which was annealed at 6000C for 30 minutes. 
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5.4 Effect of the Photocatalytic Coatings on the Plasma Characteristics 
 
5.4.1 Electrical Measurements  
The instantaneous voltage and current measurements were taken to investigate the effect of the coatings 
on the discharge characteristics such as the intensity or number of microdischarges and breakdown 
voltage. Figure 65-67 show the electrical characteristic of the different catalysts at CH4:CO2 ratio of 
1:1.5, 1:3 and 1:6 respectively.  
Figure 65 – Electrical characteristics of the different catalyst combinations at 8.25kV peak to peak 
and a CH4:CO2 ratio of 1:1.5. 
 




Figure 66  - Electrical characteristics of the different catalyst combinations at 8.25kV peak to peak 
and a CH4:CO2 ratio of 1:3. 
  




Figure 67 - Electrical characteristics of the different catalyst combinations at 8.25kV peak to peak 
and a CH4:CO2 ratio of 1:6. 
Figure 65-67 shows that the maximum current of the filaments is smaller for the BaTiO3 coated with 
the TiO2-W catalyst. For example, the maximum current filament for annealed TiO2 coated BaTiO3 at 
a feed gas ratio of 1:1.5 was 0.0198 A, compared to 0.0146 A for annealed TiO2-W coated BaTiO3. The 
intensity of the microdischarges are lower for the unannealed TiO2 coated BaTiO3 and the annealed 
TiO2-W coated BaTiO3, this was also observed in the measured specific energy density which was 







 [Eq. 34] 
This can be attributed to a lower dielectric constant of WO3 which has a static dielectric constant of 
~10-20 [11, 226], the static dielectric constant of TiO2 and BaTiO3 is greater than that of WO3 which 
can be up to 100 [198] and 12,000 [197] respectively [227]. The dielectric constant of amorphous TiO2 
and crystalline TiO2 are comparable according to Prasai et al. [228]. The lower intensity of 
microdischarges for the TiO2-W coated BaTiO3 could have a negative impact at specific peak to peak 
voltages for the dry reforming of methane. Interestingly, figure 66 shows increased intensity of 
microdischarges in comparison to figure 65 suggesting the gases present have a large impact on the 
breakdown voltage and hence discharge characteristics. 
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5.5 Effect of the Photocatalytic Coatings on the Dry Reforming of Methane 
This section investigates the effect of photocatalyst coating on the BaTiO3 packing material, the 
CH4:CO2 feed gas ratio and the peak to peak voltage on the dry reforming of methane. The feed gas 
ratios used were 1:1.5, 1:3 and 1:6, whereas the peak to peak voltage was increased from 7kV to 8.25kV. 
The measured variables were the species present before and after plasma treatment, their concentrations 
and the optical emission of the non-thermal plasma. From the FTIR measurements the degradation (%) 
of methane and carbon dioxide and the production of CO (ppm) were calculated. H2 molecules cannot 
be detected using the FTIR due to the absence of a dipole moment. 
These characteristics were measured and analysed in order to investigate whether a synergy existed 
between the use of photocatalyst coated BaTiO3 and the non-thermal plasma. 
5.5.1 FTIR Measurements 
Figure 68 shows an example FTIR spectrum of the exhaust gas after passing through the plasma reactor.  
The detected species are methane at 1306 cm-1, 1533 cm-1 and 3018 cm-1  [157], Carbon dioxide at 667 
cm-1, 1340 cm -1 and 2350 cm-1 [157] and carbon monoxide at 2143 cm -1. From the standard spectra the 
area under the peaks were calculated using MatLab (see CODE 1 in Appendix) and used in [Eq. 20], 
along with the calculated area from the measured spectra in order to find the concentration of species 
produced by the packed bed reactor. The peaks used to calculate the concentration can be seen in table 
5. Except for CO2, where the peaks at wavenumber 3540-3660 cm-1 and 3660-3760 cm-1 were used. As 
a consequence of the absorbance of the peak at 2230-2400 cm-1 being over an absorbance of 1, hence, 
would not follow the beer-lambert law, where concentration is proportional to the absorbance.  
  




Figure 68 – Example FTIR spectrum of the DRM using TiO2 coated BaTiO3 annealed to 500
oC for an 
hour. Operational parameters are CH4:CO2 1:3, 8.25 kV and 16 kHz. 
 
5.5.2 FTIR Measurements Error 
It must be noted that there will exist errors in the measured concentration of species. The error comes 
from numerous sources. Firstly, there will exist impurities, coming from either the supplied gas or 
remaining from previous experiments, although every effort was made to reduce this as practically as 
possible. Most of this will be removed from the spectra by taking a background measurement, although 
they would still be present. Secondly, error may be present within the concentration calculations due to 
the use of argon as a carrier gas instead of nitrogen, which was the carrier gas for the standard spectra 
[224]. Additional error from the difference in resolution of the measurements (1 cm-1) compared to the 
resolution of the standard spectra (0.5 cm-1) is likely to be a factor. In order to further understand the 
magnitude of the error, calculations of the concentration based on the flow rate ratio was performed. 
This assumes the molar concentration is the same as the volumetric concentration. Based on this, the 
calculated concentration of carbon dioxide and methane is 250ppm and 850 ppm respectively, based on 
the total flow rate of 2SLM, this gives a 12% error in the concentration of carbon dioxide. Furthermore, 
the standard error between the measurements was calculated and taken into consideration. 
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5.5.2 Gas feed ratio of CH4:CO2 1:1.5 
The dry reforming of methane with a ratio of 1:1.5 to carbon dioxide, diluted in a carrier gas of argon 
was performed to investigate the effect of different catalytic coatings. Figure 69 and figure 70 shows 
the methane degradation, CO production and carbon dioxide degradation with a 1:1.5 ratio of CH4:CO2. 
The concentration in ppm in the diluted carrier gas of argon were 500 ppm and 750 ppm of methane 
and carbon dioxide respectively.  Figure 69 shows the methane and carbon dioxide degradation and the 
carbon monoxide production with varying the applied voltage with a gas feed ratio of 1:1.5. Figure 70 
also shows the methane and carbon dioxide degradation and the carbon monoxide production with the 
measured SED with a gas feed ratio of 1:1.5. 
 
Figure 69 – (A) Methane degradation against applied voltage, (B) carbon dioxide degradation 
against applied voltage, and (C) carbon monoxide production in ppm against applied voltage with a 
1:1.5 CH4:CO2 ratio. 
 




Figure 70 – (A) Methane degradation against SED, (B) carbon dioxide degradation against SED, and 
(C) carbon monoxide production in ppm against SED with a 1:1.5 CH4:CO2 ratio. 
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Table 18 shows the maximum methane and carbon dioxide degradation and the maximum carbon 
monoxide production with the various packing material. 
Table 18 - Maximum CH4 and CO2 degradation and the maximum CO production with a 1:1.5 CH4:CO2 ratio 








2.72 6.32 60.18 
TiO2 Unannealed 
4.72 7.46 80.24 
TiO2 Annealed 
4.39 8.57 85.12 
TiO2-W Annealed 
2.91 6.19 66.05 
 
Figure 69, A and B show that by increasing the applied voltage from 7 kV to 8.25 kV, both the 
degradation of methane and carbon dioxide was increased. The degradation of methane increased by up 
to 0.69 %, 4.3 %, 2.13 % and 0.93 % for the non-coated BaTiO3, TiO2 unannealed coated BaTiO3, TiO2 
annealed BaTiO3 and TiO2-W annealed BaTiO3 respectively, when increasing the voltage from 7 kV to 
8.25 kV. Similar effects of an increase in voltage were also observed for the degradation of carbon 
dioxide with degradation increasing by 2.11 %, 5.27 %, 2.94 % and 1.91 % for the non-coated BaTiO3, 
TiO2 unannealed coated BaTiO3, TiO2 annealed BaTiO3 and TiO2-W annealed BaTiO3 respectively. 
Carbon monoxide production, increased by 21%, 86%, 30% and 41% respectively. It is thought that the 
number of the microdischarges were increased with increasing the applied voltage. Increasing the 
voltage does not increase the amount of charge transferred in a microdischarge but increases the amount 
of microdischarges [229]. An increase in the number of microdischarges increases the number of free 
electrons leading to a higher probability of electron – molecule collisions. Higher quantities of reactive 
species due to a higher applied voltage has been reported in other work [104, 230].  An increase in 
electron collisions could cause a higher degradation of carbon dioxide which follows an increase in CO 
production as seen in [Eq. 35] [28]. A higher number of electron and molecule collisions also leads to 
a higher degradation of methane as seen in [Eq. 35-38][99]. 
CO2 + e → e + CO + O  [Eq. 35] 
CH4 + e → CH3 + H + e  [Eq. 36] 
CH4 + e → CH2 + H2 + e [Eq. 37] 
CH4 + e → CH3 + H + H2 + e [Eq. 38] 
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Figure 69 shows that an increase in methane concentration had a negative impact on the degradation of 
carbon dioxide and the production of CO. In comparison to the degradation of carbon dioxide achieved 
by using a 1:3 ratio of CH4 and CO2, which can be seen in figure 71. A maximum degradation of carbon 
dioxide of 8.57 % was achieved by the TiO2 annealed particulate packing material, this is 2.68 % less 
than using a 1:3 ratio. This can be attributed to formation of carbon dioxide via [Eq. 39]. An Increased 
proportion of methane leads to an increase in OH via reactions with atomic oxygen as seen in [Eq. 40]. 
This can be attributed to the competing reaction seen in [Eq. 39] where carbon monoxide reacts with 
the increased amount hydroxyl radicals, due to the excess methane, to produce carbon dioxide [231]. 
CO + OH → CO2 + H.       [Eq.  39] 
CH4 + O → CH3 + OH   [Eq. 40] 
Due to the reaction [Eq. 39] a decrease in CO production is also observed. For example a reduction by 
up to 27% for non-coated BaTiO3 can be observed, in comparison to a feed gas ratio of 1:3. Furthermore, 
an increased concentration of methane in the gas mixture will increase the breakdown voltage of the 
gas mixture as methane has a higher breakdown voltage in comparison to argon [232]. Therefore, the 
conversion of methane and carbon dioxide is expected to decrease as the concentration of methane 
increases. Despite the drop in effectiveness in using a 1:1.5 ratio, in comparison to a feed gas ratio of 
1:3 and 1:6, which can be seen in figure 71 and figure 73, it can be clearly seen that the best performing 
particulates were the unannealed and annealed TiO2 coated BaTiO3 packing material. Increased 
oxidation of methane at the anatase TiO2 could reduce the amount of atomic oxygen consumed in [Eq. 
40] leading to reduced formation of carbon dioxide via [Eq. 39] along with increased degradation of 
carbon dioxide at the conduction band. Increased oxygen vacancies at the unannealed TiO2 also cause 
increased degradation of carbon dioxide as mentioned previously, competing with the formation of 
carbon dioxide in [Eq. 39]. Interestingly, the maximum SED of the unannealed TiO2 coated BaTiO3 
was significantly lower than the annealed TiO2 coated BaTiO3 and the non-coated BaTiO3, as seen in 
figure 70. Therefore, the role of the oxygen vacancies play an important role in promoting the 
degradation of carbon dioxide and methane. Along with an increase in the degradation of methane and 
carbon dioxide an increase in production of CO was achieved by the unannealed and annealed TiO2 
coated BaTiO3 particulates. The lower dielectric constant of TiO2-W coated BaTiO3 reduced the 
intensity and number of microdischarges leading to reduced conversions of methane and carbon 
dioxide.  
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5.5.3 Gas feed ratio of CH4:CO2 1:3 
 In order to gain a better understanding and optimise reaction conditions the CH4:CO2 ratios in the feed 
gas were varied. Concentrations of 250 ppm and 750ppm of CH4 and CO2 respectively were combined 
with the argon gas flow using mass flow controllers to achieve a total flow rate of 2 SLM. Figure 71 
and figure 72 shows the degradation of methane and carbon dioxide and production of carbon monoxide 
for the various coated packing material against the applied voltage and measured specific energy density 
respectively and table 19 shows the maximum degradations of methane and carbon dioxide and 
production of carbon monoxide. 
 
Figure 71 – (A) Methane degradation against applied voltage), (B) carbon dioxide degradation 
against applied voltage, and (C) carbon monoxide production in ppm against applied voltage 
 
 




Figure 72 – (A) Methane degradation against specific energy density), (B) carbon dioxide 
degradation against specific energy density, and (C) carbon monoxide production in ppm against 
specific energy density. 
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Table 19 – Maximum CH4 and CO2 degradation and the maximum CO production with a 1:3 CH4:CO2 ratio. 







No Coating 9.36 9 82.67 
TiO2 Unannealed 10.39 10.43 87.41 
TiO2 Annealed 10.83 11.25 93.66 
TiO2-W Annealed 5.56 6.92 74.22 
 
Figure 71, A and B show similar trends that by increasing the applied voltage from 7 kV to 8.25 kV, 
both the degradation of methane and carbon dioxide was increased. The degradation of methane and 
carbon dioxide were increased by up to 8.12 % and 8.23% respectively, when increasing the voltage 
from 7 kV to 8.25 kV. Carbon monoxide production, in ppm, increased by up to 62%. Again it is thought 
that the number of the microdischarges were increased with increasing the applied voltage [229].  
The best performing packing material was the annealed TiO2 coated BaTiO3, this could be attributed to 
oxidation and reduction of methane and carbon dioxide by electrons and holes present on the TiO2 after 
the activation of the catalyst by the non-thermal plasma. Methane and carbon dioxide could react with 
the electron from the conductance band of the photocatalyst via [Eq. 36-38]. Alternatively, methane 
could react with electron hole at valence band and cause oxidation of methane through [Eq. 41] [233].  
He et al. proved that the anatase (101) facet played a critical role in carbon dioxide adsorption and 
assisting the electron transfer from the surface of TiO2 to carbon dioxide in the photoreduction process 
[234, 235]. Other studies have also confirmed the successful oxidation of methane on TiO2 
photocatalysts with the presence of either carbon dioxide or O2 through the reaction in [Eq. 42] [236-
238].  
CH4 + h+ → CH3 + H+  [Eq. 41] 
CH4 + 2O2 → CO2 + 2H2O [Eq. 42] 
The second best performing is the TiO2 unannealed coating, after degradation of methylene blue 
experiments, it was determined that unannealed samples were not photocatalytically active, therefore,  
it is not possible that electron hole pairs are the reason for the improved performance in comparison to 
the non-coated BaTiO3. The improved performance of the unannealed TiO2 coated BaTiO3 could be 
due to the existence of oxygen vacancies. Due to oxygen vacancies, numerous Ti3+ states are present. 
At the surface, these Ti3+ species can reduce adsorbed CO2 to a bent CO2·- species, reforming Ti4+, and 
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again serve as electron trap states for further reduction. Oxygen vacancies can also induce dissociation 
of CO2 to adsorbed CO and a healed vacancy [239]. Desorption of any carbon as CO which could aid 
in the break-up of carbon dioxide and cause an enhancement in break-up of methane as seen in [Eq. 43-
46] [240], the desorption of the carbon is discussed further in section 5.6.2 – Coking. 
CO2 → CO + O   [Eq. 43] 
CH4 + O → CH3 + OH  [Eq. 44] 
CH4 + O → CH3OH  [Eq. 45] 
CH4 + O → H2 + HCHO [Eq. 46] 
The worst performing packing material was the TiO2-W coated BaTiO3. In figure 72 the effect of a 
lower breakdown voltage can be seen due to the lower SED values per peak to peak voltage in 
comparison to the other packing material. It is thought that the addition of tungsten reduced the overall 
dielectric constant which led to the higher breakdown voltage as the lower the dielectric constant the 
higher the voltage needed for plasma ignition, as demonstrated in various studies [241, 242]. A higher 
dielectric constant at the same applied voltage increases the discharge power and electric field strength, 
this agrees with the calculated SED shown in figure 72. Decreased discharge power would result in 
reduced conversions, as the higher the dielectric constant of the material the increased intensity, and 
number of microdischarges [243-245]. Furthermore, the higher the electric field strength, the higher the 
electron energy [97]. 
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5.5.4 Gas feed ratio of CH4:CO2 1:6 
Further to varying the ratio of CH4:CO2 to 1:1.5, a ratio of 1:6 was investigated with a concentration in 
ppm of 250 ppm CH4 and 1500 ppm CO2.  Figure 73 shows the degradation of methane and carbon 
dioxide and the production of carbon monoxide with applied voltage with a gas feed ratio of 1:6. Figure 
74 shows the degradation of methane and carbon dioxide and the production of carbon monoxide with 
the measured SED with a gas feed ratio of 1:6. 
Figure 73 – (A) Methane degradation against applied voltage, (B) carbon dioxide degradation 
against applied voltage, and (C) carbon monoxide production in ppm against applied voltage with a 
1:6 CH4:CO2 ratio. 




Figure 74 – (A) Methane degradation against SED, (B) carbon dioxide degradation against SED, and 
(C) carbon monoxide production against SED with a 1:6 CH4:CO2 ratio. 
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Table 20 shows the maximum methane and carbon dioxide degradation and maximum carbon monoxide 
production with the various packing material 




Experiments with a ratio of 1:6 as seen in figure 73 and figure 74, show in an increase of methane 
degradation of up to 6.69 % compared a ratio of 1:1.15, as seen in figure 69 and figure 70, and up to 
1.56% compared to a 1:3 ratio as seen in figure 71 and figure 72. This is despite the fact that carbon 
dioxide has a higher breakdown voltage than argon and methane and so the degradation of carbon 
dioxide was expected to decrease. This shows the effect of increased atomic oxygen on the breakdown 
of methane. The increase in carbon dioxide quantity and ppm dissociation leads to an increase in atomic 
oxygen species. Atomic oxygen can react with methane, as seen in [Eq. 44-46]. It has been reported in 
various experimental studies that an increase in the carbon dioxide ratio in the dry reforming of methane 
leads to an increase in methane degradation [27, 96, 104, 106, 108]. An excess of carbon dioxide within 
the gas stream produced caused an increased degradation of carbon dioxide by up to 40 ppm, this also 
follows in an increase in CO produced. Similarly to the previous experiments the TiO2 annealed BaTiO3 
showed a significantly enhanced performance in comparison to all other packing material. This is due 
to the activation of the anatase phase causing enhanced degradation of carbon dioxide which also leads 
to increased degradation of methane as explained previously in section 5.5.2.  








8.96 7.1 102.09 
TiO2 Unannealed 
7.18 4.93 102.85 
TiO2 Annealed 
11.08 8.22 123.19 
TiO2-W Annealed 
7.12 5.41 101.2 
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5.5.5 Gas feed of 100% CO2 / Argon 
The coated packing material was investigated in a gas mixture of carbon dioxide and argon to enable a 
deeper understanding of the effect on plasma chemistry due to the addition of the photocatalyst coating. 
The carbon dioxide concentration was the same as previous experiments for the CH4:CO2 ratio of 1:3 
(750 ppm). A decrease in peak to peak voltage was used due to significant arcing. Figure 75 and figure 
76 shows the carbon dioxide degradation and carbon monoxide production against applied voltage and 
measured SED respectively for the various coated packing material. 
 
Figure 75 – (A) Carbon dioxide degradation as a function of applied voltage, and (B) carbon dioxide 
degradation as a function of SED. 
Figure 76 – (A) Carbon monoxide production as a function of applied voltage, (B) carbon monoxide 
production as a function of SED. 
  














Table 21 shows that the dissociation of carbon dioxide is much higher compared to the methane / carbon 
dioxide /argon gas mixtures. A maximum of 18.3% degradation was achieved when using a carbon 
dioxide / argon mix compared a maximum of 11.25% in the methane / carbon dioxide / argon gas 
mixture. A reduced amount of atomic oxygen and energetic electrons available to react and dissociate 
with carbon dioxide in the methane / carbon dioxide / argon mix due to the competing reactions as seen 
in [Eq. 36-38, 43-46] could be the reason the same degradation is not seen in the methane / carbon 
dioxide / argon mix due to their role in reacting and dissociating methane. The lowest degradation was 
the TiO2-W coated BaTiO3, again though to be due to the reduced dielectric constant which causes a 
reduction in the intensity of number of microdischarges. The TiO2 coated BaTiO3 which was not 
annealed degraded significantly higher carbon dioxide than the TiO2-W coated BaTiO3, This could be 
attributed to the oxygen vacancies which can induce dissociation of carbon dioxide to adsorbed CO and 
a healed vacancy. However, it can be seen that the maximum carbon dioxide degradation was lower 
than either uncoated BaTiO3 and annealed TiO2 coated BaTiO3. This is due to decreased SED for the 
same applied voltage as seen in figure 75 and figure 76. The non-coated BaTiO3 is the second best 
performing, most likely due to the increased dielectric constant of the BaTiO3 surface. The best 
performing is the annealed TiO2 coated BaTiO3, a photocatalytic effect of the anatase TiO2 could result 
in an increased reduction of carbon dioxide due to the electron hole pairs present, further degradation 
could be caused by an increase in superoxide anions such as O2-,O-, O3- or O2+ due to the reaction of 
dissociated carbon dioxide products with the electron hole pairs. 
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5.5.6 Gas feed of 100% CH4 / Argon 
The degradation of methane in an argon gas mixture was carried out in order to understand the effect 
of removing carbon dioxide from the gas mixture and to provide further understanding into the effect 
of the photocatalytic coatings within the packed bed reactor. The methane concentration was the same 
as previous experiments for the CH4:CO2 ratio of 1:3 (250 ppm). A decrease in peak to peak voltage 
was used due to significant arcing. Figure 77 shows the methane degradation against applied voltage 
and measured SED with the various coated packing material. 
 
Figure 77 – (A) Methane degradation against applied voltage, (B) methane degradation against SED. 
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The degradation of methane using a methane /argon mix increased slightly from a maximum of 11.08% 
using a methane / carbon dioxide / argon mix with a ratio of 1:6, to 12.59% with using only methane 
and argon. This improvement was the case for the annealed TiO2 coated BaTiO3 and the non-coated 
BaTiO3, however, the unannealed TiO2 coated BaTiO3 and the TiO2-W coated BaTiO3 performed worse 
with a methane argon mix in comparison to a methane / carbon dioxide / argon mix. The large difference 
in methane degradation of the unannealed TiO2 coated BaTiO3 suggest that the CO and atomic oxygen 
produced at the oxygen vacancies have a significant role in the degradation of methane. Moreover, the 
SED for the unannealed TiO2 coated BaTiO3 was significantly lower than the other coated packing 
material causing significantly decreased dissociation. Carbon dioxide degradation in an argon mix was 
significantly more than the methane degradation,  this is thought to be due to a lower threshold energy 
for the electron impact dissociations of carbon dioxide (~ 6.4 eV) compared with that of methane (~7.5 
eV) [97]. Increased breakup of the methane by the annealed TiO2 coated is caused by the oxidation of 
methane with holes at valence band through [Eq. 41].  
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5.5.7 OES Spectroscopy 
OES spectroscopy was measured at maximum peak to peak voltage. This was done in order to determine 
the generation of photons, their wavelengths produced by the plasma. Figure 78 shows the optical 
emission spectra graph at 8.25 kV peak to peak voltage.  
 
Figure 78 – OES spectra; 8.25kV peak to peak voltage, BaTiO3 coated with TiO2 packing material, 
CH4:CO2 ratio of 1. 
It can clearly be seen that photons in the region of below 315 nm are present indicating photons in the 
UVA region are produced by the excited species present in the plasma. Other emissions are in the visible 
light (400-780 nm) and in the infrared region >780 nm. Emissions in the region of 430-852nm are all 
characteristic of argon emissions, whereas the peak at 309nm in characteristic of OH [246]. The 
hydroxyl radical can be produced by electron-hole pairs and/or be produced in the plasma via reaction 
[Eq. 47-50] which includes reaction with water, which can be present in the background as an impurity, 
it can also be involved in the destruction of methane via [Eq. 50] 
CH4 + O → CH3 + OH  [Eq. 47] 
Ar* + H2O → OH +H + Ar [Eq. 48] 
H2O + e → OH +H + e  [Eq. 49] 
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CH4 + OH → CH3 + H2O [Eq. 50] 
UVA photons have the energy to activate photocatalysts such as TiO2.and could cause photocatalytic 
reactions within the non-thermal plasma as their wavelength is below the 387 nm needed to activate 
TiO2 [178]. Argon has several photonic emissions within the UVA range, including significant emission 
lines at 106-155 nm [247, 248], being capable of activating the TiO2 catalysts. These emission lines 
could not be detected with our spectrometer, which can only detect emissions down to 190 nm. 
5.6 Discussion on Effect of Photocatalytic Coatings 
 
5.6.1 Effect of Coating on Plasma Chemistry. 
The introduction of photocatalytic coatings had significant effects on the dry reforming of methane 
within the packed bed dielectric discharge reactor. Firstly, it can be seen that the introduction of TiO2-
W in most cases negatively impacted the performance of the dry reforming of methane for the same 
applied voltage and plasma power. A reason for the performance could be due to a negative effect of 
the W-metal and WO3 on the overall dielectric constant effecting the plasma properties such as, 
reduction in electric field and number and intensity of microdischarges. The static dielectric constant of 
TiO2 is greater than that of WO3, the effect of this was observed in the experiments whereby the SED 
was lower for the same applied voltage when using TiO2-W coated BaTiO3 compared to TiO2 coated or 
non-coated [227]. This indicates a lower breakdown voltage for the TiO2-W coated BaTiO3 packing 
material compared to the other coated particulates. A similar effect was observed for the unannealed 
TiO2 coated BaTiO3 as seen in the calculated SED. The TiO2 annealed sample did not affect the SED 
and no significant differences between itself and the non-coated BaTiO3 were observed. Research into 
the dielectric constant of TiO2 thin films conducted by Busani et al and Yang et al show that amorphous 
TiO2 thin films have a relatively low dielectric constant compared to TiO2 thin films which contained 
anatase and rutile crystallinity [249, 250]. This could account for the increase in performance observed 
with the annealed TiO2 coated BaTiO3 compared with the unannealed TiO2 coated BaTiO3. The two 
most consistently performing coatings were the non-coated BaTiO3 and the annealed TiO2 coated 
BaTiO3. However, in almost all cases the annealed TiO2 coated BaTiO3 outperformed the non-coated 
BaTiO3 both for the same applied voltage and the SED. The TiO2 coated BaTiO3 showed a good degree 
of photocatalytic activity when testing the activity through the methylene blue degradation method. The 
annealed TiO2 is thought to be activated by the UV light produced by the plasma, causing the electron 
hole pairs to be produced providing reductive and oxidative reaction pathways otherwise not achievable. 
The quantity of hydrogen produced in this process could not be directly measured,  
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5.6.2 Coking of Catalysts 
BaTiO3 particulates were examined for signs of coking after use within the packed bed reactor. Figure 
79 shows the Raman spectra of particulates after their use, it can be seen that the uncoated BaTiO3 
showed significantly less coking in comparison to the coated samples. Raman spectroscopy also showed 
the increase in amorphous substances on the particulates.   
Deactivation of catalysts by coke formation, which originates from the methane dissociation and/or 
carbon dioxide disproportionation, is a serious problem in DRM. Carbon deposition in DRM occurs via 
two main possible pathways, methane decomposition [Eq. 51] and Boudouard reaction (i.e., CO 
disproportionation) [Eq. 52] [251]. 
CH4 → C(s) + 2H2 ΔH298K = +75kJmol-1  [Eq. 51] 
2CO → C(s) + CO2 ΔH298K = -171kJmol-1  [Eq. 52] 
 
[Eq. 51] is endothermic and favoured at high temperature, whereas [Eq. 52] prefers lower temperature 
as the reaction is exothermic. Since non-thermal plasma is done at relatively low temperatures the 
exothermic reaction is more prevalent. Another factor affecting carbon deposition is the surface acidity 
of catalysts. It was revealed that noble metal catalysts are more resistant to carbon deposition than non‐
noble metal catalysts [251]. Materials with high Lewis basicity, such as La2O3 and CeO2, can increase 
the ability of catalysts to chemisorb carbon dioxide, which can react with carbon to form CO, 
decreasing carbon formation. Carbon formation can be diminished or even suppressed when the active 
metal is supported on a metal oxide carrier with Lewis basicity. Zheng et al found that carbon deposition 
was suppressed and was connected to the presence of the active metal oxide, Fe2O3 [252]. Therefore it 
is possible that the TiO2 coatings aids in the reaction and eventual desorption of the carbon deposits. 
The same can be said for the TiO2-W coatings, it is also possible that any WO3 present could have the 
same effect. 
  




Figure 79 – Raman live image and spectra of coked BaTiO3 after use in the DRM. BaTiO3 no coating 
(left), BaTiO3 with TiO2 coating unannealed (middle) and BaTiO3 with TiO2-W coating (right). 
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5.7 Energy Efficiency 
The energy efficiency was calculated in mmol/kJ to enable comparison to other non-thermal plasma 
devices in literature. It must be noted that the higher flow rates increases energy efficiency but cause a 
lower overall degradation compared to other devices. 
The energy efficiency was calculated by obtaining the ppm converted per litre and converting to the 
conversion in mol/s, the method can be seen in CHAPTER 2. 
Figure 80 - Energy efficiency of CH4 conversion (left) and energy efficiency of CO2 conversion (right) 
with a 1:1.5 ratio. 
 
Figure 81 – Energy efficiency of CH4 conversion (left) and energy efficiency of CO2 conversion (right) 
with a 1:3 ratio. 




Figure 82 - Energy efficiency of CH4 conversion (left) and energy efficiency of CO2 conversion (right) 
with a 1:6 ratio. 
 
Table 23 – Maximum energy efficiency of the dry reforming of methane and carbon dioxide. 






1:1.5 2.39 7.62 8.85 
1:3 2.65 8.59 11.06 
1:6 2.64 11.31 13.87 
 
Figures 80-82 show the energy efficiency of methane and carbon dioxide conversion for CH4:CO2 ratios 
of 1:1.5, 1:3 and 1:6. The energy efficiency was generally greatest when using the annealed TiO2 coated 
BaTiO3 followed by the unannealed TiO2 coated BaTiO3, non-coated BaTiO3 and the TiO2-W coated 
BaTiO3. The photocatalytic properties of the annealed TiO2 coated BaTiO3 and the oxygen vacancies 
of the unannealed TiO2 coated BaTiO3 are the driving factors in increased energy efficiency. Table 23 
shows the maximum energy efficiency achieved for the various gas feed ratios, regardless of packing 
material. The gas feed ratio of 1:6 achieved the highest energy efficiency due to the increased atomic 
oxygen which can drive the degradation of methane through [Eq. 44-46]. Although the conversion of 
carbon dioxide was slightly less for the 1:6 ratio in comparison to the 1:3 ratio, the ppm converted was 
much greater, therefore, the energy efficiency is significantly greater.  





TiO2 and TiO2-W coatings were deposited onto BaTiO3 dielectric particulates for use within a non-
thermal packed bed dielectric barrier discharge reactor for the dry reforming of methane. A mixture of 
methane and carbon dioxide with a carrier gas of argon was used. Various gas ratios of CH4:CO2 were 
investigated to study the effect of the TiO2 and TiO2 coatings. Overall it was found that the worst 
performing catalysts where the BaTiO3 coated with the TiO2-W annealed, this was attributed to the 
lower dielectric constant of WO3. It was found that the annealed TiO2 coated BaTiO3 enhanced the 
degradation of carbon dioxide in an argon mix and enhanced the degradation of methane in an argon 
mix compared to all other catalysts, this is thought to be due to the oxidation and reduction reactions 
occurring at the anatase TiO2 sites. The best performing CH4:CO2 ratio was 1:6 as this increased the 
methane degradation as it provided more atomic oxygen which reacts with methane, the energy 
efficiency was also greater for the 1:6 ratio compared to the other CH4:CO2 ratios. The worst performing 
flow ratio was a ratio of 1:1.5, this achieved the lowest degradations of methane and carbon dioxide 
and had the lowest energy efficiency. Furthermore, it was observed that by including a coating the 
formation of coke deposits reduced comparing to uncoated BaTiO3. Although hydrogen could not 
directly be measured in these experiments, results infer that increased hydrogen was produced with the 
TiO2 coated BaTiO3 which was annealed due to maximum CO production with this packing material. 
Direct measurement of hydrogen with a GCMS could confirm this hypothesis. It is also suggested 
increasing the residence time could increase the % conversion of methane and carbon dioxide increasing 




































CHAPTER 6 – CONCLUSION AND FURTHER WORK 
 
  





The primary aim of this work was to investigate the effect of photocatalytic coatings on the packing 
material in a non-thermal packed bed plasma reactor. Firstly, a non-thermal packed bed reactor (PBR) 
was designed and manufactured in house and formed the basis to investigate the effects of the 
combination of photocatalyst coatings and non-thermal plasma. 
Secondly, coatings of TiO2, both unannealed and annealed, and TiO2-W were deposited onto glass 
particulates to develop a viable coating method and to investigate their photocatalytic activity before 
depositing onto BaTiO3 particulates, for use within the PBR. Surface characterisation was carried out 
using Raman spectroscopy, SEM, XPS and BET surface area analysis. Photocatalytic testing of the 
prepared coatings were analysed with the methylene blue degradation method under UV light. The 
TiO2-W coating was the best performing photocatalyst followed by the annealed TiO2 coating. The 
unannealed TiO2 coating showed no photocatalytic activity, along with the non-coated packing material. 
Following this, BaTiO3 particulates were coated with TiO2 and TiO2-W and showed an increase in 
photocatalytic activity in comparison to the glass particulates, due to an increased surface area of the 
BaTiO3. Again the TiO2-W coating was the best performing followed by the annealed TiO2 with the 
unannealed showing no photocatalytic activity. Coatings were characterised with Raman spectroscopy, 
SEM and XPS. 
In order to investigate the role of photocatalysts and their effect on the plasma discharge and chemistry, 
and determine whether the photocatalytic coatings produced by magnetron sputtering offer a more 
favourable approach than conventional methods to introducing the catalysts, their effect on nitrogen 
and oxygen plasma chemistry and on the dry reforming of methane were investigated.   
Non-coated BaTiO3 and TiO2 coated BaTiO3 particulates, both unannealed and annealed were placed 
in the PBR to investigate their effect on plasma chemistry in an oxygen-nitrogen mix. The presence of 
TiO2 on the surface of the packing material affects the plasma chemistry through acting as an atomic 
oxygen sink, photocatalytic formation of O2-, and modification of the dielectric constant of the BaTiO3 
particulates. The increase in oxygen species also led to N2O5 being formed in the presence of annealed 
TiO2, which opens up a potential new route for synthesis of this industrially significant chemical. The 
findings of this study show that it is possible to tailor the plasma chemistry of nitrogen and oxygen 
mixtures through the modification of the plasma facing materials and surfaces, optimising yields of 
ozone and N2O5 whilst limiting the formation of harmful by-products. 
The effect of TiO2 and TiO2-W coatings onto BaTiO3 particulates for use within a non-thermal packed 
bed dielectric barrier discharge reactor for the dry reforming of methane were investigated for various 
methane and carbon dioxide feed gas ratios in an argon carrier gas. Annealed TiO2 coated BaTiO3 
significantly increased the degradation of methane and carbon dioxide for all feed gas ratios. This was 
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attributed to photocatalytic reactions enabled by the plasma. Unannealed TiO2 increased the 
performance in some instances due to the presence of oxygen vacancies. Annealed TiO2-W coated 
BaTiO3 performed worse in comparison to the non-coated BaTiO3 baseline due to a reduced dielectric 
constant, resulting in a decreased number of microdischarges. Therefore, it was shown that 
photocatalytic coatings onto the packing material and in close proximity to the plasma can have a 
photocatalytic effect and beneficially increase the degradation of both methane and carbon dioxide and 
production of carbon monoxide, dependent on the photocatalyst. This could lead to a viable route for 
environmentally sustainable syngas production, which is a useful chemical product.   
These studies show that with careful understanding of the plasma-photocatalyst surface interaction, 
chemical processes could be tailored towards improving the production of desired products and limit 
the formation of undesired by-products and that photocatalysts produced by magnetron sputtering can 
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6.2 Further Work 
 
There are a number of areas which require further work. One of the main areas is the analysis of the 
products formed in the plasma reactor. The FTIR is not able to detect hydrogen and so analysis using a 
GCMS would enable further characterisation of the hydrogen production. Secondly, further work on 
the in situ measurement of the plasma process is recommended. In situ measurements are very important 
for identifying and quantifying the chemical species formed in the plasma. This information helps in 
further understanding the mechanism of the chemical reactions taking place in the plasma region. It also 
helps in optimizing the plasma system and conditions. Another area for further study is to lower the 
flow rate for the DRM experiments. Increased residence time would help to increase degradation, using 
a GCMS along with this would be extremely helpful as the FTIR can be overly sensitive. 
Other work which could be carried out as a result of the findings in this report is the exploration into 
different photocatalytic properties such as using other dopants to keep the dielectric constant high and 
increase photocatalytic efficiency. Finally, scaling up the reactor to increase volumes of syngas 
produced, the amount of methane and carbon dioxide that can be treated and its energy efficiency is 
another area of work which could be investigated. 
  





Figure A1 – Methane degradation with respect to frequency. A) Experimental conditions: 7kV, 1SLM 
flow rate, 240ppm CO2, 425ppm CH4, argon carrier gas. B) Experimental conditions: 8kV, 1SLM flow 
rate, 240ppm CO2, 425ppm CH4, argon carrier gas. 
 
 
Figure A2 – Carbon dioxide degradation with respect to frequency.A) Experimental conditions: 7kV, 
1SLM flow rate, 240ppm CO2, 425ppm CH4, argon carrier gas. B) Experimental conditions: 8kV, 














Figure A3 – Carbon monoxide production with respect to frequency. A) Experimental conditions: 
7kV, 1SLM flow rate, 240ppm CO2, 425ppm CH4, argon carrier gas. B) Experimental conditions: 8kV, 
1SLM flow rate, 240ppm CO2, 425ppm CH4, argon carrier gas. 
 
CODE 1 – Dry Reforming of Methane Area 
% Define Inputted Data 
sample = Sample4325ByAdministratorDateWednesday; 
wave = CreatedasNewDataset; 









% Area Under Graph Between Two Points 














idx = wave>=2010 & wave<=2230 ; 
wavei=wave(idx); 
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CODE 2 - Ozone/𝑵𝒙𝑶𝒙 Area 
sample = Sample2422ByAdministratorDateSunday; 






set (gca, 'XDir', 'Reverse') 










































































CODE 3 - Electrical Data (Power) 
% Define Variables 
Voltage = V; 
Current = A; 
Time = VerticalUnits; 
   
figure() 
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OES of O2:N2 Plasma 
 
Figure 83 – Example Optical emission spectra graph at 10kV peak to peak voltage with a gas mixture of O2/N2 
with annealed TiO2 coated BaTiO3 particulates. 
OES of Ar:CH4:CO2 
Figure 84 - Example Optical emission spectra graph at 8.25kV peak to peak voltage with a gas mixture of 
CH4:CO2 with a ratio of 1 using annealed TiO2 coated BaTiO3 particulates. 
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